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Abstract
High quality dose distributions achievable with advanced radiation therapy techniques such as
IMRT require a precise and accurate delivery of modulated fluence patterns to the target volume.
Intrafractional target motion, however, considerably deteriorates the geometric accuracy of the
delivery process. Therefore, a dynamic control system was developed which enabled the real-time
adaptation of the dose delivery for moving target volumes. For this purpose, algorithms were
developed which calculated an optimized multileaf collimator (MLC) aperture compensating for
target motion and deformation. In addition, it is possible to completely spare adjacent organs-
at-risk. Delay times of the MLC control system are accounted for by a linear prediction filter.
Furthermore, different field definition modes were designed and included. The algorithms were
used to develop a dynamic target tracking control system for the Siemens 160MLC TM. To assess
the quality of the tracking technique, experiments were performed with different phantoms. The
experiments proved that 2-dimensional target motion can be compensated for with the new control
system. The congruence within 2%/2mm with a static reference delivery was increased from
18.75% to 76.79% for an IMRT dose distribution. For the delivery of a complete treatment
fraction to a lung phantom, similar improvements were observed. However, the system’s latency
times reduced the accuracy depending on the specific target motion. It was demonstrated that the
developed tracking concepts algorithms and the new control system can effectively compensate
for target motion in real-time and therefore significantly increase the accuracy of the treatment
delivery.
Zusammenfassung
Moderne Techniken der Strahlenonkologie, wie zum Beispiel IMRT, basieren auf der pra¨zisen
und akkuraten Bestrahlung des Tumors mit komplexen Fluenzmatrizen. Dies kann oftmals auf-
grund von Bewegungen des Zielvolumens wa¨hrend der Bestrahlung nicht erfolgen. Aus diesem
Grunde wurde ein dynamisch-adaptives Bestrahlungskonzept auf Basis eines dynamischen MLCs
entwickelt. Dieses ermo¨glicht schon wa¨hrend der Bestrahlung neue Feldformen zu berechnen
und direkt am MLC des Linearbeschleunigers einzustellen, um Dosisfehler aufgrund von Or-
ganbewegungen zu kompensieren. Zur Bestimmung der optimalen Lamellenpositionen wurden
verschiedene Algorithmen entwickelt und in ein eigensta¨ndiges Kontrollsystem implementiert.
Dabei ist es notwendig, die Latenzzeit der MLC-Steuerung durch eine Vorhersage fu¨r die Bewe-
gung des Zielvolumens auszugleichen. Zur Realisierung der adaptiven Therapie und zur Eval-
uation der Bestrahlungskonzepte wurde mit dem neuentwickelten Kontrollsystem ein Siemens
160MLC TM kontinuierlich gesteuert. Messungen mit verschiedenen Phantomen zeigten, dass 2-
dimensionale Bewegungen mit dem Steuerungssystem in Echtzeit ausgeglichen werden konnten.
Fu¨r eine IMRT-Fluenzverteilung wurde durch die neuentwickelte Technik eine U¨bereinstimmung
innerhalb eines 2%/ 2mm-Intervalls von 76.79% mit dem statischen Referenzfeld erreicht, im
Vergleich zu 18.75% ohne die kontinuierliche Adaption des Strahlenfeldes. Experimente mit
einem speziellen, beweglichen Lungenphantom erzielten a¨hnliche Resultate. Die Latenzzeit des
MLC-Kontrollsystems beeintra¨chtigte jedoch teilweise die Genauigkeit. Zusammenfassend kann
gesagt werden, dass das Steuerungskonzept, welches im Rahmen dieser Arbeit entworfen und en-
twickelt wurde, sowie die darin enthaltenen neuen Algorithmen es ermo¨glichen, die Bewegungen
des Zielvolumens in Echtzeit auszugleichen. Dadurch kann eine signifikante Verbesserung der
Genauigkeit der Bestrahlung erreicht werden.
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Chapter 1
Introduction
Each year, thousands of people are diagnosed with cancer. For Germany, official reports1 listed
436,500 new incidences for 2004. Appoximately 208,800 could not be cured. Worldwide, research
is therefore focussing on the improvement of therapeutical approaches. Radiation therapy is one of
the main treatment modalities besides surgery and chemotherapy to treat cancer. Approximately
45 - 50% of cancer incidences (adults and children) can be cured today. Of these, about 50 - 60%
benefited during their curative therapy from radiation therapy. Radiation therapy is used either
as the sole therapeutic approach or in combination with surgery and chemotherapy. In order
to improve the outcome of the treatments, new techniques are constantly being designed and
investigated.
The aim of modern radiation therapy is to precisely deliver a therapeutical dose to the tumor
and to spare the surrounding healthy tissue from dose. In particular, adjacent vital organs-at-risk
(OAR) have to be protected. To achieve a lethal dose within the target volume, multiple beams
from different incident beam angles are superimposed. For conformal radiation therapy, the shape
of the beam is optimally adapted to the contour of the target. To shape the beam, computer-
controlled multileaf collimators (MLC) are employed. These devices use metallic plates to partially
block the beam while the remaining open aperture of the MLC defines the treatment field. In this
way, a reduced exposure of the surrounding tissue is achieved while the dose is accumulated in the
radiation target. In order to further escalate the dose in the target volume and to better protect
the healthy tissue, intensity-modulated radiation therapy (IMRT) was developed. For IMRT, the
fluence pattern of each incident beam angle is modulated in such a way that the conformity of
the target coverage is increased even for complex geometries, e.g. if the target volume encloses a
critical organ. The optimized fluence distributions induce steep dose gradients, especially between
the target and the OAR, which have to be delivered as precise as planned in order to achieve the
best outcome for the treatment.
The precision and accuracy of the dose delivery is a crucial aspect for IMRT treatments. A
1Krebs in Deutschland 2003-2004 (Cancer in Germany 2003-2004), 2008
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Figure 1.1: Percentage of tumor sites for all fatal cancer incidences in Germany in 2006. Source:
Statistisches Bundesamt (Federal Statistical Office), Wiesbaden, Germany.
significant problem encountered is that the target volume might move or deform during the time
of the actual treatment. This is especially the case for lung tumors which is a particularly lethal
disease as shown in Fig. 1.1. The regular breathing motion of the chest induces motion of the
surrounding anatomy and in particular of the tumor. For other diseases, like prostate carcinomas,
the filling of the bladder alters the position and even the shape of the target volume during a
treatment. To compensate for these modifications, the online adaptation of the treatment is
required. Here, the new technique of real-time target tracking with the use of a dynamic MLC,
which is presented in detail in this thesis, comes into play. In order to precisely achieve the
planned dose distributions, algorithms were developed which correct online for the target motion
and deformation. In order to enable the automatic adaptation, the information of the target has
to be provided in real-time to the newly designed control system.
The project was carried out in a series of steps.
1. First, algorithms were developed which optimize the delivery of IMRT fields to a moving
and deforming target volume. Different approaches enable to compensate for 1- and 2-
dimensional motion.
2. The Dynamic Target Tracking Control (DTTC), a feed-back control loop system, was de-
signed. It controls the operation of the MLC and monitors its performance. For the cal-
culation of the adapted MLC leaf positions, the new algorithms were incorporated into the
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system. In order to import real-time data of the target position, different target localization
devices can be connected to the DTTC.
3. Finally, experiments were performed with different phantoms. The performance character-
istics of the system were assessed and the potential clinical benefits, which can be achieved
with the target tracking system, were quantified.
The structure of this thesis follows the development steps of the control system. Chapter 2
introduces the basic concepts of radiation therapy and the required definition of the target volume.
It describes furthermore the basic technological equipement employed. The next chapter focusses
on recent developments in radiation therapy including different delivery techniques such as IMRT.
In addition, the problem of intrafractional target motion and its dosimetric effects as well as
possible solutions are examined. In the following chapter, the new algorithms and their features
are discussed in detail. The section is completed with the description of the new control system into
which the algorithms are integrated. In chapter 5, the results of the simulations and experiments
are presented. Finally, the thesis is completed with the discussion of the results and the conclusions
which can hence be drawn.
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Chapter 2
Basic Principles of Radiation
Therapy
The clinical implementation of x-rays was considered already shortly after their discovery by
Roentgen in 1895. The Austrian physician Freund is considered to be the first to use x-rays
for radiation therapy of cancer with his lecture book dating back to the year 1903 (Freund,
1903). Over the decades, radiotherapy has become one of the main treatment options in cancer.
This chapter introduces the basic principles of modern radiation therapy with photons while the
next chapter explains, in more detail, new methods and recent developments which have been
proposed and which form the foundation of the new technique developed over the course of the
project presented in this thesis.
2.1 Aims of Radiation Therapy
The goal of radiation therapy is to deposit a lethal amount of ionizing energy in the tumor volume
while at the same time sparing all healthy tissue as much as possible. In radiation therapy, the
patient is exposed to high energy photons in order to accumulate in the target volume a radiation
dose, which is defined as the energy deposited by physical interactions of the radiation within a
certain tissue volume. The dose has to exceed a critical threshold in order to damage the tumor
cells irrepairably. However, it has to be considered that the dose delivered to the surrounding
healthy tissue, especially to critical organs, may not exceed far lower thresholds in order to avoid
collateral damage to important vital anatomical parts. This is achieved by overlapping treatment
beams incident from different directions leading to a significantly increased dose in the overlap
region while the surrounding tissue is only moderately irradiated. Modern radiotherapy techniques
aim at minimizing the dose to the healthy tissue and at the same time escalating the dose within
the target volume. For this purpose, high accuracy and a precise delivery is essential.
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Figure 2.1: Principal workflow of radiation therapy. First, images of the patient are acquired
and the target volume is delineated on the reference image in the treatment planning system.
The physician prescribes the dose which has to be delivered to the tumor. The treatment planning
system optimizes the delivery parameters according to the employed technique. Finally, the planned
fluence distributions are delivered.
2.2 The Radiotherapy Process
After the detection of a tumor and the decision for radiation therapy, several steps are required
for the treatment as illustrated in the workflow chart presented in Fig. 2.1. First, images of the
patient’s anatomy have to be acquired which allow the definition of the tumor volume and the
surrounding anatomical structures for treatment planning. In the next step, the required dose is
prescribed to the target and the maximum dose levels for the surrounding anatomy are defined.
To calculate optimized dose distributions which fulfill these constraints, a treatment planning
system (TPS) is employed. The planned dose distributions are achieved by applying different
fluence distributions from various incident beam angles to the patient. As this research focusses
on the dose delivery with high energy photons, fluence in this case is defined as the number of
photons per area. In order to generate the different planned fluence distributions, the aperture of
the treatment beam is mechanically modified as determined by the TPS. The prescribed dose is
finally delivered in one or more daily fractions to the patient.
2.3 Treatment Planning
The planning phase of a radiotherapy treatment includes several steps. First, the target volume
and critical structures, the so-called organs-at-risk, are delineated. In the next step, minimum
and maximum dose levels are defined for the relevant anatomical structures. This includes the
minimum dose which has to be achieved in the target volume and the maximum values tolerated
by the surrounding organs and anatomical parts. Based on these values, the treatment planning
system generates optimized fluence maps whose delivery fulfills the prescribed dose constraints.
For this purpose, the TPS calculates virtual dose distributions in the simulated patient’s anatomy
as defined by the reference planning image. Depending on the delivery technique employed and
the selected treatment device, the delivery of the calculated fluence maps can be optimized.
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2.3. TREATMENT PLANNING
GTV
ITV
PTV
CTV
Figure 2.2: Different grades in target volume definition. The gross tumor volume (red) is
encapsulated by the clinical target volume (blue). Extended by safety margins, the internal target
volume (green) and the planning target volume (black) are defined.
The following paragraphs explain in detail the definition of the target volume and the organs-at-
risk as utilized in the scope of this thesis.
2.3.1 Definition of the Anatomical Structures
Based on anatomical images acquired with computed tomography (CT) or magnetic resonance
imaging (MRI), sometimes enhanced by positron emission tomography (PET) or other func-
tional imaging modalities, the radiation oncologist delineates the different internal volumes. Most
important are the target volume and adjacent organs-at-risk which have to be protected from
irradiation. The outline of the volumes is crucial, but since there are not always clear contrasts
between the different soft tissues, the contoured volume can vary significantly from expert to
expert (Giraud et al., 2002; Van de Steene et al., 2002; Steenbakkers et al., 2005).
2.3.1.1 The Target Volume
Based on the ICRU1 reports 50 and 62 (ICRU, 1993, 1999), the target volume in this work is
considered to be defined as the clinical target volume (CTV) which includes the gross target
volume (GTV). Further definitions referred to are the internal target volume (ITV) and the
planning target volume (PTV). A schematic illustration of the different volume definitions is
given in Fig. 2.2.
Gross Target Volume The gross target volume (GTV) corresponds to the macroscopic extent
of the tumor. The GTV is defined as the visible or palpable extent of disease and the delineating
is mainly performed on CT or MRI images where MRI gives a better soft-tissue contrast. Modern
3-dimensional radiotherapy planning requires the GTV to be delineated on multiple image slices
to get a 3-dimensional volume delineation.
1International Commission on Radiation Units and Measurements, Bethesda, MD, USA
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Figure 2.3: Planning CT slice of a prostate case with the outline of the relevant organs within
the body contour (blue). The prostate is delineated as the target volume in three steps expanding
from the GTV (light red) to the CTV (red) to the PTV (purple). The bladder (yellow) and the
rectum (brown) illustrate adjacent organs-at-risk which partially overlap with the planning target
volume. Additional OARs which have to be spared are the two femurs (left: pink, right: grey).
Clinical Target Volume In addition to the GTV, the clinical target volume (CTV) includes the
tumor bed, i.e. the surrounding microscopic tumor infiltration of the surrounding healthy tissue.
The extension from the GTV to the CTV is not homogeneous, but depends on the properties of
the tumor and anatomical characteristics of the tumor side. The GTV to CTV margin depends
on the resulting likelihood of the microscopic tumor spread.
Internal Target Volume The internal target volume (ITV) extents the CTV further by inter-
nal margins which are chosen in such a way, so that feasible internal physiological changes of the
tumor and the surrounding organs are accounted for. Theses changes include general variations
of tumor size and shape or movements and deformations of the initial tumor outline induced by
various kinds of motion, such as respiration, cardiac motion, and changes in the gastrointestinal
tract.
Planning Target Volume The planning target volume (PTV) comprises the CTV/ ITV plus
additional safety margins which take into account possible deviations in the patient set-up or
beam adjustment. These margins represent the uncertainty in target localization during the
treatment. These margins can be reduced through the use of patient immobilization and re-
positioning techniques. The advent of image-guided radiotherapy, as presented in chapter 3.3,
has made possible a reduction of the PTV margins.
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2.3.1.2 Organ-at-Risk
Organs-at-risk (OARs) are anatomical structures which have to be protected against radiation
dose as much as possible in order to avoid impairing their function. Structures located close to the
target volume (Fig. 2.3) are at risk of receiving a dose exceeding the critical threshold in terms of
cumulative or local dose or total affected volume fraction. Serial organs such as the spinal cord,
the ocular lens, the optical nerves or the brain stem lose their complete functionality if a certain
critical dose value is exceeded. Critical organs where a certain fraction of the volume has to be
damaged in order to cause a malfunction, e.g. lung and kidneys, are called parallel organs.
To account for positioning uncertainties and shifts of the OAR, a saftey margin has to be drawn
around them to form a planning organ-at-risk volume (PRV). The PRV covers possible displace-
ments of the OAR due to internal organ motion or due to deformations of the OAR, e.g. caused
by the filling of the bladder or the rectum.
2.3.2 Treatment Plan Generation and Delivery Optimization
To generate a treatment plan, first the dose levels are prescribed to the target volume and the
organs-at-risk defined on the planning CT. For this purpose, the minimum and the maximum
dose level for the tumor and its resulting planning volume are prescribed. The ICRU states for
the coverage of the CTV a criterion of dose deviations of -5% to +7%. The maximum admissible
values for the OAR or the PRV, respectively, and other critical anatomical structures are cho-
sen. Using optimization algorithms, the TPS generates fluence maps which, when applied to the
patient, result in dose distributions matching as close as possible the defined dose constraints.
During the optimization of the fluence, the delivery method and associated hardware constraints
must be considered. In the following sections, the concepts of dose delivery with a clinical linear
accelerator are introduced. This device is required for the execution of the new delivery techniques
developed in this project.
2.4 Dose Delivery with High Energy Photon Beams
Different treatment modalities are available for the treatment of patients with high energy photon
beams. One of the most commonly used devices nowadays is the clinical linear accelerator (linac)
in combination with mechanical beam limiting devices such as the multileaf collimator (MLC).
These two main radiotherapy hardware components are required for the newly developed tech-
niques proposed in this thesis and are introduced in the following section. An example of such
technology, developed by Siemens Healthcare (Erlangen, Germany) and in use at the DKFZ2
is presented: the new ARTISTETM linear accelerator and the 160MLCTM (Tacke et al., 2006,
2008).
2Deutsches Krebsforschungszentrum (German Cancer Research Center), Heidelberg, Germany
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Figure 2.4: Photograph showing the
ARTISTE TM, Siemens Healthcare, at the
DKFZ. At the lower end of the gantry,
an electronic portal imaging device for MV-
imaging is shown in its extended position. It
can be utilized to monitor the treatment beam.
Figure 2.5: Field shape defined by a MLC.
The leaves are moved into the radiation beam
to block parts of the beam so that only the
planned area is irradiated. In this way, dif-
ferent fluence distributions are deliverable.
2.4.1 Linear Accelerator
A linac accelerates electrons and directs them onto a target, which is made of a high den-
sity material such as tungsten, in order to generate high energy x-rays through the process of
Bremsstrahlung emission. The resulting radiation is spatially limited with a primary collimator.
A subsequent flattening filter reduces the angle-dependent distribution of the primary radiation
field to a more homogeneous fluence distribution. The linac gantry rotates around the isocenter
allowing the delivery of radiation from different incident beam angles. The treatment beam is
then channelled through a secondary beam limiting device. Presently, this secondary collimation
is mostly performed using a computer-controlled MLC which is described in detail in the next
section. In order to increase the treatment accuracy and to enable image-guided radiation ther-
apy as presented in section 3.3, most linac vendors offer solutions integrating kilovoltage (kV)
and megavoltage (MV) imaging devices. While the Varian Clinac
R©
(Varian Medical Systems,
Palo Alto, CA, USA) and the Elekta Synergy
R©
(Elekta Oncology, Stockholm, Sweden) employ
kV-imaging orthogonal to the treatment beam, the ARTISTETM (Siemens Healthcare, Erlangen,
Germany) shown in Fig. 2.4 offers a kV-imaging solution antiparallel to the MV treatment beam
making it possible to observe with the detector the same dimensions (x- and y-directions) that
define the MLC aperture and the shape of the treatment beam.
10
2.4. DOSE DELIVERY WITH HIGH ENERGY PHOTON BEAMS
2.4.2 Multileaf Collimator
The multileaf collimator (MLC) is a mechanical beam-limiting device mounted onto the linac
head, enclosing the treatment beam. It consists of a number of individually adjustable metal
leaves placed in opposing leaf banks. By rotating the entire collimator, the direction of the leaf
extension and the projection of the aperture to the isocenter is rotated in the reference frame
of the linac. For conventional radiotherapy, the MLC aperture is statically adjusted to form the
treatment fields which spare the areas covered by the leaves from irradiation. New techniques
often require the leaves to dynamically move through the radiation field, thus varying the beam
intensity in order to precisely modulate the required fluence distributions as calculated by the
planning system. An example of an MLC-defined aperture shape is presented in Fig. 2.5. Today,
computer-controlled MLCs have replaced manual MLCs or standardized block collimators. The
important performance characteristics and dosimetric properties of MLCs will be discussed briefly
in the next paragraphs. They mainly depend on the mechanical development and the technological
features of the MLC design.
2.4.2.1 Dosimetric Characteristics of a MLC
The quality and performance of a MLC depend on its dosimetric characteristics such as the leak-
age, the tongue-and-groove effect, the penumbra, and technical criteria such as the leaf speed and
leaf positioning accuracy and reproducibility (Huq et al., 1995). While the following paragraphs
describe the main characteristics in general, the subsequent section introduces the 160MLCTM,
which was utilized for experiments, and quantifies its properties according to an earlier publication
(Tacke et al., 2008).
Leakage The leakage describes the radiation measurable behind the closed MLC leaves and is
normalized to the amount of radiation passing through an open 10×10 cm2 field. It consists of the
intraleaf and the interleaf leakage. The intraleaf leakage specifies remaining radiation measurable
underneath a metal leaf due to the finite absorption within the leaf material. It depends on the
composition of the leaf material and especially the leaf height. The interleaf leakage describes the
radiation that passes through the finite air gaps between leaves. These gaps exist between adjacent
leaves where friction has to be avoided and between opposing leaf tips when the MLC is closed. To
reduce the interleaf leakage, different leaf designs are feasible. One possibility to prevent straight
open gaps employs for one side of the leaf a tongue and for the other a corresponding groove.
This design results in a small overlap of adjacent leaves, thus interrupting the straight air gap
between them. Another technique to avoid gaps straight along the beam direction is a slight tilt
of the leaves against the beam. Here, the tilt of the leaves rotates the gap orientation away from
the beam direction instead of blocking it. However, this tilt leads to a small overlap of adjacent
leaves as well.
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planned fluence
delivered fluence
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Figure 2.6: Illustration of the triangular tongue-and-groove effect. Two adjacent fields A and
B are irradiated separately. Since the neighboring leaves overlap slightly, the adjacent field edges
are not defined by the exact same leaf edge. Due to the exponential absorption within the leaf
material, a recombination of the resulting dose distributions has an underdosage defect at the line
were the two fields have been split.
Tongue-and-Groove Effect As mentioned in the previous paragraph, the interleaf leakage
has to be reduced by using a tongue-and-groove or a tilted leaf design. Due to the resulting
overlap between adjacent leaves, the field edges are not defined by the exact same leaf edges. The
tongue of the respective inner leaf edge, which slightly extends into the planned field, absorbs
the radiation exponentially and causes an additional reduction of the dose at the field edges. For
a single field setup, this effect can be taken into account by modulations of the dose calculated
by the TPS. However, if adjacent fields are irradiated separately, the dose profiles do not add
up to a homogeneous distribution. Instead there occurs a significant underdosage at the field
junction as illustrated in Fig. 2.6. The effect is named after the tongue-and-groove design and
can be extended to describe the corresponding triangular tongue-and-groove effect (Yu, 1998) for
the tilted leaf design.
Penumbra The penumbra is a measure for the sharpness of the field defining properties of a
MLC. Ideally, the edge of a radiation field rises with a steep dose gradient from optimally 0% to
100% dose levels. The penumbra is usually defined as the distance between the 80% and the 20%
isodose lines. It is caused by two different physical aspects: the geometrical penumbra which is
the predominant effect and the transmission through the leaf. The geometrical penumbra results
from the finite extent of the electron beam on the target leading to a non point-like focal spot.
Consequently, the projection of the source to the center plane leads to a slight blurring of the
field edge. The lateral and the transversal penumbra mainly depend on the source-to-collimator
distance (SCD), the width of the focal spot as well as the design of the leaf tip and the leaf sides.
Accuracy and Reproducibility For a precise treatment delivery, a high accuracy and re-
producibility of the leaf positions is crucial. The accuracy is a criterion indicating how closely
12
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Figure 2.7: Photograph of the Siemens
160MLCTM, Siemens Healthcare, Erlangen.
The picture shows the stand-alone MLC
which was used for preliminary experiments
and to both develop and test the new control
system. Within the rectangular opening at
the center, the two leaf banks X1 and X2 are
visible.
460 mm
SCD =
C1 C2 L2L1
SourceX
Isocenter
X1 X2
Figure 2.8: Schematic drawing of the
160MLCTMarchitecture: the leaves are
placed in two packages L1 and L2 with 80
leaves each in independent movable carriages
C1 and C2. The two leaf banks X1 and
X2 are placed at SCD=460mm and can be
backed-up with two y-jaws.
the leaves are placed radiologically to the intended field edges. The reproducibility is a measure
of how precisely the same position is independently generated numerous times. These technical
features are mainly determined by the capabilities of the utilized hard- and software. While the
reproducibility depends on the installed motor drives and their control system, the method and
the execution of the calibration procedure influence the leaf positioning accuracy.
Leaf velocity The leaf speed has a significant impact on the treatment times and is a crucial
performance feature for new dose delivery techniques presented in later sections such as dynamic
IMRT (cf. chapter 3.1.2) and rotational therapy (cf. chapter 3.1.3). Besides the leaf speed, the
acceleration and deceleration capabilities have to be considered (Wijesooriya et al., 2005). These
characteristics are especially important for the new technique presented in this thesis, the target
tracking which will be discussed in detail in section 3.4. There, the continuous leaf motion has to
compensate for the target motion. Since the leaves are made of a high-density material in order
to reduce the intraleaf leakage, gravity effects have an impact on the leaf movements. If the leaves
are driven parallel to the direction of gravity, the maximum achievable velocity is expected to be
higher than when the leaves are driven in the opposite direction, i.e. antiparallel to gravity.
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Source
Carriage
M
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Figure 2.9: The tilted leaf design of the
160MLCTM(Siemens Healthcare, Erlangen).
All leaves are tilted with respect to a beam
traced from the center of the source to the
center of mass of each leaf in order to avoid
straight open air gaps. In this way, the in-
terleaf leakage is significantly reduced.
X1 X2
Figure 2.10: Design of the leaf tips of the
160MLCTM(Siemens Healthcare, Erlangen).
The leaf tips consist of three sections: indi-
vidually rounded upper and lower edges to re-
duce the penumbra and a sinusoidal central
section which allows a slight overlap in order
to reduce the interleaf leakage between closed
leaf tips.
2.4.2.2 The 160MLC TM
The experiments performed in the course of this research employed the new 160MLC TM mounted
on an ARTISTETM linac (Siemens Healthcare, Erlangen). To describe the MLC, first the imple-
mented design principles are described followed by a quantification of its dosimetric and mechan-
ical characteristics.
Design features of the 160MLC TM The 160MLC, as shown in Fig. 2.7, is designed with
two opposing leaf banks each containing 80 leaves. Each leaf package is mounted in independent
carriage frames as illustrated in Fig. 2.8. All leaves have a projected width of 5mm at the isocentric
plane and can be extended up to 20 cm from the carriages which themselves may be extended
up to 20 cm as well. In this way, the entire field width of 40 × 40 cm2 is covered. According to
the maximum leaf extension from the carriages, 20 cm leaf interdigitation is possible. In order to
reduce the interleaf leakage, the leaves of the 160MLC are slightly tilted with respect to a ray
traced from the center of the source to the center of gravity of each leaf leading to a slight overlap
of adjacent leaves as shown in Fig. 2.9. If not properly taken account of, this overlap causes the
tongue-and-groove effect. Therefore, a specialized delivery optimization tool is required in order
to avoid this defect. The design principle of the leaf tips is presented in Fig. 2.10. They are shaped
with two individually rounded edges in order to achieve a constant penumbra for the entire range
of leaf positions. The central section has a sinusoidal form allowing a slight overlap of opposing
leaves if a leaf pair is closed thus reducing the interleaf leakage.
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Table 2.1: Mechanical and dosimetric characteristics of the Siemens 160MLCTM. The table is
based on data presented in an earlier publication by Tacke et al. (2008).
Maximum field size (mm2) 400× 400
Leaf width (mm) 5
Number of leaves 160
SCD (mm) 460
Patient clearance (mm) 430
Leakage (%) Average 0.37
Maximum 0.63
Leaf tip 13.5
Penumbra (mm) Longitudinal 4.9± 1.3
Lateral 3.6± 0.6
Tongue-and-groove effect (%) 19
Characteristics of the 160MLC TM In order to investigate the dosimetric characteristics of
the 160MLC TM, comprehensive experiments were carried out. The results were evaluated and
presented in detail in an earlier publication (Tacke et al., 2008). The following paragraphs explain
and quantify the relevant properties which are summarized in table 2.1.
The maximum observed interleaf leakage of the 160MLC was 0.63% and the intraleaf leakage
approximately 0.1% with an overall average of 0.37%. The sinusoidal shape of the central leaf
tip section allows a small overlap for closed leaf tip positions. Due to mechanical constraints, the
leaves are not closed using full contact and therefore the leaf tip leakage without the use of the
back-up y-jaws ranges from 1.2% for positions 150mm off-axis to 13.5% for the leaves closed on
the central axis.
Due to the tilted leaf design of the 160MLC, the triangular tongue-and-groove effect occurs. The
measured dose deficiency was approximately 19% and should therefore be taken into account
during delivery.
The penumbra of the 160MLC was measured at a depth dmax = 1.5 cm in a water phantom at a
source-to-surface distance (SSD) of 98.5 cm using a 10 × 10 cm2 radiation field shifted along the
main axes. The longitudinal penumbra is 4.1 ± 0.5mm for field positions ranging from −10 to
+10 cm on the x-axis. For the entire field range of ±20 cm, it increases to 4.9 ± 1.3mm. The
transversal penumbra measured in the same way along the y-axis is slightly smaller (3.6±0.6mm
for the entire 40× 40 cm2 field range).
In addition to the dosimetric characteristics of the 160MLC, the mechanical properties were
assessed. Initial measurements indicated a leaf accuracy of ±0.6mm with one profile out of 72
having a deviation of 0.8mm. Modifications of the calibration tools further improved the accuracy
to ±0.3mm. The reproducibility of the leaf positions is well below 0.1mm.
To estimate the physical leaf speed, the motion of the leaves was recorded with an independent
electronic portable imaging detector (EPID). The approximate maximum physical leaf speed of
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Figure 2.11: Illustration of the rotation of
the linac gantry and the resulting rotation of
the linac coordinate system. The gantry is
exemplary tilted by 30 ◦.
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Figure 2.12: Rotation of the MLC mounted
onto the linac head and the resulting rotation
of the MLC coordinate system. The linac
gantry is rotated by 90 ◦ and the MLC is ro-
tated by 45 ◦ in the linac head.
the 160MLC is 42.9 ± 0.6mm/s. The variation due to gravity effects, i.e. if the leaves travel
parallel or antiparallel to gravity, was approximately 0.6mm/s.
2.4.3 Reference Coordinate Systems
Since the correlation between the patient’s anatomy, the rotating gantry and the treatment room
is not fixed, different coordinate systems are used in radiation therapy.
IEC Coordinate System The IEC3 coordinate system is defined with respect to the treatment
room and therefore is the only employed system which is fixed in space. The z-axis is vertical
and points from the isocenter of the patient plane towards the linac head if the linac gantry is
rotated by 0◦ as illustrated in Fig. 2.11. The y-axis points along the treatment couch towards the
linac. The x-axis thus points from left to right if looking straight towards the linac. The target
information (position and deformation) is expected to be provided in the IEC cordinate system
in order to facilitate the exchange of data from different detection modules.
Patient Coordinate System The patient coordinate system employed for treatment planning
mostly uses the z-axis along the slices of the patient imaging device and therefore is in the caudal-
cranial direction. The y-axis is mostly defined along the anterior-posterior direction while the
x-axis defines the two sides separated by the sagittal plane and goes in the right-left direction.
3International Electrotechnical Commission, Geneva, Suisse
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Linac Coordinate System The linac coordinate system is fixed to the gantry and thus is
rotated around the y-axis corresponding to the gantry angle as illustrated in Fig. 2.11. The z-axis
points towards the gantry head, the y-axis is parallel to the IEC y-axis and the x-axis is parallel
to the leaf movement direction.
MLC Coordinate System The MLC coordinate system used in this thesis is defined with
respect to the leaf travel direction of the 160MLC which determines the x-axis as shown in
Fig. 2.12. The y-axis is perpendicular to the direction of movement. The z-direction is parallel
to the central beam axis looking straight into the source of the linac.
Since the IEC system is the static reference system, it will be used as the reference system for
the description of the target localization and the gantry and collimator rotational position. The
MLC coordinate system is used during the optimization and calculation of leaf positions.
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Chapter 3
Progress and Recent Developments
in Radiation Therapy
The following chapter introduces new treatment techniques and research topics relevant to this
thesis. The current photon delivery procedures are briefly presented in order to clarify the prin-
ciples on which the research is based. The objective of these new developments is to improve the
outcome of the treatment by enhancing the employed technique. For this purpose, an escalation of
the dose in the target volume is desired while at the same time the healthy tissue has to be spared
as much as possible. The increasing complexity of the delivery procedure necessitates a high level
of accuracy. Internal organ motion, discussed in the next section, is a significantly limiting factor
of the required accuracy of the newly developed radiotherapy techniques. Recent developments
like image-guided radiation therapy intend to cope with this problem. The sophisticated approach
to compensate for changes due to organ motion with an automatic real-time target tracking device
is presented at the end of this chapter. This topic is the focus of the author’s actual research.
3.1 Photon Delivery Techniques
This section gives a brief overview of current dose delivery techniques with high energy photons
and follows the chronological order of development and its magnitude of complexity. While con-
formal radiation therapy (cf. chapter 3.1.1) is a basic technique, the advanced method of intensity-
modulated radiation therapy (IMRT) (cf. chapter 3.1.2) requires a more elaborate knowledge and
enhanced equipment. The third procedure described is rotational therapy (cf. chapter 3.1.3) which
is an improved delivery method of IMRT.
3.1.1 Conformal Radiation Therapy
In conformal radiotherapy (Fig. 3.1 a), different radiation fields are employed from different beam
angles, each adapted as precisely as possible to the shape of the tumor volume. By superimposing
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Figure 3.1: Delivery techniques for a target volume (green) and an OAR (red): (a) Conformal
radiotherapy employs different incident beam angles and uniform intensity distributions which
overlap in the target region to escalate the dose. (b) IMRT delivery with different incident beam
angles and modulated fluence distributions can be used to reduce the dose to an adjacent OAR.
(c) In a rotational treatment, a continuous delivery from all gantry angles with modulated field
shapes is performed allowing a more homogeneous coverage of the target with a better sparing of
the OAR.
beams from different angles, a high dose escalation is achieved in the region where the beams
overlap. It is crucial the irradiated volume coincides with the target volume. In this way, a lethal
dose for the tumor cells and a sufficient sparing of the surrounding healthy tissue is achieved.
3.1.2 Intensity-Modulated Radiation Therapy
The advanced radiotherapeutical technique IMRT (intensity-modulated radiation therapy) addi-
tionally employs fluence maps which do not have to be uniform over the beam aperture (Brahme
et al., 1982; Ling et al., 1996). The modulation of the fluence distribution is illustrated in Fig. 3.1
b. In this way, a higher dose escalation in the volume can be achieved while at the same time
critical structures such as an adjacent OAR, e.g. the spinal cord, can be spared. The modulated
fluence distributions lead to significantly improved dose gradients. The dose delivery can be per-
formed as dynamic IMRT, where the leaves are moving during the delivery and sweep across the
radiation field. By modifying the leaf velocity, the fluence profiles of each leaf pair can be modu-
lated. A second method (‘step-and-shoot IMRT’) is the superposition of differing field segments,
which are independently set up with the beam limiting device and irradiated in a sequential or-
der creating a modulation of the delivered fluence distribution. A detailed review of IMRT was
published by Bortfeld (2006).
20
3.2. ERRORS DUE TO ORGAN MOTION
3.1.3 Rotational Therapy
Similiar to dynamic IMRT where the MLC moves continuously during irradiation, rotational
therapy features dynamic dose delivery while the gantry rotates leading to a smooth variation of
the incident beam angles. This principle is shown in Fig. 3.1 c. Rotational therapy can virtually
be considered as a treatment with an infinite number of beam directions which are approximated
for treatment planning (delivery optimization and dose calculation) by a finite number of beam
angles. Determined by the gantry angle, the aperture of the MLC changes dynamically. Different
optimization approaches were proposed in the literature (Yu, 1995; Earl et al., 2003; Shepard et al.,
2007; Ulrich et al., 2007; Otto, 2008). Variables introduced in order to optimize the treatment
are the MLC aperture and its dynamic changes, a variation of the dose rate of the linac or an
alteration of the gantry’s rotation speed, leading to a weighing of the beam angles accordingly.
Constraints to be taken into account include maximum leaf velocity and acceleration, maximum
gantry speed and acceleration, maximum dose rate and dose rate variation.
3.2 Errors due to Organ Motion
A significant problem arising with the increased need for accurate and precise dose delivery is
motion and deformation of the target volume. Organ motion mainly occurs in the abdominal
and chest regions due to breathing or digestion. Motion effects are classified into inter- and
intrafractional motions. A detailed review on target motion and its effects on IMRT was given
by Webb (2006b).
3.2.1 Interfractional Motion of the Target Volume
Motion or deformation occuring between two independent treatment fractions are called interfrac-
tional motions. They include anatomical changes between treatment sessions, i.e. from one day
to another, or changes during the course of the treatment. Corresponding examples are the filling
of the bladder which has an impact on the position and shape of the prostate, or the shrinking
of the tumor volume over the course of the treatment. Setup differences of the actual position
compared to the planning CT of the patient can be handled as interfractional motion as well.
Interfractional motions and deformations can be detected prior to the start of the treatment for
example with the help of online imaging devices such as in-room CT, onboard x-ray imaging (kV
and MV) or other localization devices (Thieke et al., 2006).
3.2.2 Intrafractional Motion of the Target Volume
Motion or deformation occuring during one treatment session or within one segment of the delivery
are considered as intrafractional motion. A typical example is breathing induced motion of lung
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tumors (Seppenwoolde et al., 2002) or a motion of the prostate (Shimizu et al., 2000; Nederveen
et al., 2002). In order to take this motion into account during dose delivery, either an assumption
according to a priori information has to be made or, in order to online compensate for the motion
during the delivery, continuous real-time update of the target information (i.e. its position and
deformation) is essential.
3.2.3 Magnitude of Motion
To estimate the impact of target movements, the magnitude of target motion according to a
detailed overview on different organ motion studies presented by Langen and Jones (2001) will
now be given. The two focii of this problem are respiration induced movements and shifts in the
abdominal region due to digestion. The maximum shifts observed e.g. for prostate displacements
and seminal vesicles were 20mm and 14mm, respectively. Seppenwoolde et al. (2002) investigated
in detail 3-dimensional tumor motion paths and the hysteresis effects. The motion ranged up
to 24.6mm in the crano-caudial, 2.8mm in the left-right and 8.2mm in the anterior-posterior
direction. Compared to tumor sizes of approximately 10-25 cm3 for the corresponding lung tumors,
the impact of motion is not negligible.
3.2.4 Motion Detection
In order to compensate for motion induced errors, it is essential to have real-time access to the
actual target position and shape. To gain online information about changes of the target or its
position, different detection modalities are available. The main difference between the modalities
is whether the information is acquired from an external surrogate, an internal marker or an online
image of the target.
External Markers One possibility is to acquire an external marker signal which is linked to
internal information of the target position. The correlation is assumed according to a reference
data set of a temporal image series such as 4D-CT (Beddar et al., 2007) or MRI (Koch et al., 2004).
Common external systems such as the Real-Time Position Management (RPM)1 (Wagman et al.,
2003; Shen et al., 2003) employ small markers which are mounted at the surface of the patient
(e.g. the chest wall or the abdominal region) and which are tracked in real-time using (infrared)
cameras mounted in the treatment modality. Another approach uses so called ‘breathing’ or
‘fixation belts’, e.g. AZ-733V by Anzai Medical Co., Tokyo, Japan, which are strapped around
the chest (Dietrich et al., 2006). As in the case of other external markers, the extension of the
belt is mapped onto an internal target position according to previously acquired reference images.
A significant criticism is the reliability of the model-based correlation of the external signal to an
internal motion (Beddar et al., 2007; Nishioka et al., 2002).
1Varian Medical Systems, Palo Alto, CA, USA
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Figure 3.2: Picture of a Calypso Beacon
R©
with dimensions indicated. The coil of the resonance
circuit is clearly distinguishable.
Internal Fiducials More accurate information can be achieved with the use of internal markers.
These fiducial markers can be detected with an automated algorithm from fluoroscopy images
(Murphy et al., 2003) recorded with an online imaging device mounted in the treatment room
or with an independent internal marker system such as the Calypso
R©
system described in the
next paragraph. The advantage of the implanted markers such as small gold seeds (Shirato et al.,
2004) is an expectedly better correlation between internal marker motion and the actual target
movements. A disadvantage is that the implantation of the markers is an invasive procedure. In
addition, it has been observed that the internal fiducials can migrate with time and the correlation
of the markers to the target volume changes throughout the course of an entire treatment cycle
(Merrick et al., 2000; Kitamura et al., 2002).
Calypso System A system employing internal markers which are detected with the help of a
magnetic array instead of fluoroscopy pictures is the Calypso 4D Localization System (Calypso
R©
Medical Technologies, Seattle, WA) (Balter et al., 2005) which can be combined with an onboard
kilovoltage x-ray imaging system (Rau et al., 2008). The technique employs three small markers,
the so-called Beacons
R©
as shown in Fig. 3.2, containing resonant circuits each at a unique resonant
frequency which are implanted near the target location. Based on a reference CT, the position
of the markers in the patient with respect to the target volume is known. During the treatment,
a magnetic array is placed over the patient which allows to detect beacons with an update rate
of 10Hz, i.e. every 100ms one of the markers is detected. Its coordinates are provided with
respect to the laboratory frame of reference, the room coordinate system. The current status of
the operating system does not yet provide a real-time stream of the marker positions, but it is
planned for the near future.
Online Imaging Another method for detecting target motion and deformation are fluoroscopy
images. For this purpose, the treatment beam can be used in combination with an EPID (elec-
tronic portal imaging device) panel for MV imaging or with an additionally mounted kV imaging
system. Among the main manufacturers, Varian Medical Systems, Palo Alto, CA, and Elekta
Oncology, Stockholm, Sweden, offer a solution where the kV-imaging device is mounted orthog-
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onal to the treatment beam while the ARTISTETM (Siemens Healthcare, Erlangen, Germany)
features in the near future an inline kV-imaging modality placed opposite to the linac head al-
lowing a ‘quasi’ beam’s-eye-view for imaging as well. These fluoroscopy images make it possible
to track, for example, deformable lung tumors (Xu et al., 2007). A significant disadvantage of
online imaging is the additional radiation the patient is exposed to.
Each of the above presented methods and systems has its specific tracking errors (Sharp et al.,
2004). They are due to system latencies, false correlation of external to internal information,
signal detection errors or inadequate image quality. The gold standard for target positioning
would be an online imaging device in combination with a stable and fast automatic delineation
algorithm which reliably detects the target volume in real-time.
3.2.5 Reference System for Motion Definition
Motion of the target volume as described above is invisible in a single snapshot such as the planning
CT. Subsequently, the position and shape of the target possibly deviate during the delivery from
the configuration assumed during the planning phase. To analytically allow the transformation of
the target data from the planning phase according to the modified circumstances during delivery,
two different reference frames are introduced as presented in the following paragraphs.
Laboratory Frame of Reference The radiotherapy is performed in the static treatment room
which is described by the IEC coordinate system (cf. chapter 2.4.3). The delivery parameters
defining the delivered fluence pattern are the leaf positions of the MLC which are calculated in
the laboratory frame of reference. This coordinate system is derived from the IEC system by the
rotation of the linac and MLC.
Target Frame of Reference The outline of the target and the treatment planning is based on
the planning CT. The CT defines the patient coordinate system and thus subsequently defines the
target frame of reference, i.e. the reference position and extent of the target. Based on these data,
the fluence distributions which have to be applied to the target are optimized. Accordingly, the
fluence is defined with respect to its position on the target. Motion of the target leads to a shift
of the target frame of reference compared to the laboratory frame of reference. The deformation
of the target is described by scaling the reference system accordingly.
3.2.6 Motion Effects on Dose Distributions in IMRT
For IMRT, the use of highly modulated fluence distributions require the precise and accurate
dose delivery. Due to the steep dose gradients involved, changes in the position or the form of the
tumor volume during a treatment session have a significant impact on the actually delivered dose
distribution as investigated in a detailed analysis by Bortfeld et al. (2002). Four major effects are
observed if intrafractional motion occurs.
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Figure 3.3: Dose blurring due to target motion. The motion of the target leads to shifts of the
target frame of reference causing the planned dose distribution to be significantly blurred compared
to the planned distribution.
Mismatching A small local shift of the anatomy can generate a large dose error for the affected
area at sites with a steep dose gradient. These fast dose variations are often planned at the
location of an OAR adjacent to the target volume. A mismatch of the irradiated field to the
planned target volume therefore leads to an overdose of critical structures and an underdosage of
the actual target volume. For this reason, a safety margin can be drawn around the OAR to form
the PRV (cf. chapter 2.3.1.2) which takes shifts of the OAR in account and ensures its protection
in the case of internal motion.
Dose Blurring The most obvious effect is a blurring of the dose (McCarter and Beckham,
2000). If, for example, a rectangular field shape defined by the MLC aperture is irradiated with a
moving target as presented in Fig. 3.3, the resulting accumulated dose distribution in the target
volume is blurred and the edges are no longer clearly defined compared to the delivery to a
static target. The magnitude of the movement determines the quantity of the effect. The larger
the motion, the worse is the smearing of the field edges except when the delivery time is short
compared to the time needed for the movement.
Density Changes In addition to dose blurring, movements can lead to changes in the tissue
density along the beam path. Bone and air cavities especially differ in density from soft tissue
and organs. If the position of such inhomogeneities within the radiation field deviates from
the planned position, large density effects occur which significantly distort the planned dose
distributions (Engelsman et al., 2001; Beckham et al., 2002), because the inhomogeneities absorb
more (bone) or less (air) dose than planned.
Interplay Effects In IMRT, sophisticated fluence distributions are employed, modulated either
dynamically or by the superposition of subfields (‘step-and-shoot’ IMRT, cf. chapter 3.1.2). The
elongated treatment time in combination with the separate irradiation of subsegments – dynamic
as well as static – can lead to hot and cold spots (Yu et al., 1998). The example of two adjacent
fields which are irradiated separately is illustrated in Fig. 3.4. The target moves during or in-
between the two deliveries and thus the target section irradiated in the first part is shifted into
25
CHAPTER 3. PROGRESS AND RECENT DEVELOPMENTS IN RADIATION THERAPY
position
planned
planned fluence
applied fluence
target position 1 target position 2
position
planned
planned fluence
applied fluence
target position 1 target position 2
(a) (b)
Figure 3.4: Interplay effects in modulated dose distribution due to target motion as indicated in
dashed lines (blue). (a) Due to the overlap of the projection in the target reference frame (red) of
two adjacent irradiated fields in the laboratory frame of reference, hot spots arise in the delivered
dose distribution. (b) Cold spots, in contrast, may occur when the projection of the adjacent
irradiated fields in the target frame of reference is separated apart due to a shift of the target in
the laboratory frame of reference.
the area irradiated with the second field. In this way, a hot spot with increased dose results
(Fig. 3.4 (a)). If the irradiated target section drifts away compared to the adjacent next field
segment, cold spots are induced where insufficient dose is applied (Fig. 3.4 (b)). This effect occurs
because the two neighbouring fields were planned in a static reference system and delivered in the
MLC frame of reference. But a deviation of the static MLC frame of reference compared to the
originally planned target frame of reference leads to these errors.
3.3 Image-Guided Radiation Therapy
In image-guided radiation therapy (IGRT), a precise delivery of the treatment is ensured by
implementing the current target information received from an online imaging device into the
workflow of the treatment delivery. The advantage of IGRT is a significant improvement of the
agreement between the irradiated volume with the planned target volume. This, in principle,
allows a reduction of the safety margins and subsequent a dose escalation in the target volume.
X-ray or fluoroscopic images allow to visibly ensure the agreement of the target to the planning
volume compared. If necessary, automatic matching of the images of the planning CT to the
images provided by the onboard imaging device allows to correct for deviations in the target
position instead of relying only on the external patient placement.
3.3.1 Approaches to Compensate for Motion Induced Errors
Various methods aim to compensate for target position uncertainties during the treatment. They
can either include the motion information before treatment, i.e. during the planning and optimiza-
tion phase or during dose delivery. Each method has its own trade-offs with respect to precision,
patient comfort, treatment time or technological requirements.
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3.3.2 Treatment Planning
There are different ways to include target motion information during the treatment planning
phase.
Safety Margins The most common approach is to add safety margins around the clinical tumor
volume (ICRU, 1999) to include all positions resulting from target motion. This method extends
the planning target volume to the internal target volume (cf. chapter 2.3.1.1). The larger the
expected motion, the larger the margins have to be chosen leading to an increased dose delivered
to the surrounding healthy tissue. This method requires sufficient information of the internal
target motion which has to be extracted from the time-resolved image series. If these are not
available, only educated guesses can be used to estimate the magnitude of motion. Different
recipes (van Herk et al., 2000) to determine safety margins around the target have been proposed
in the literature as summarized in a review by van Herk (2004). The corresponding algorithms
need to be implemented in the planning software. Due to the unnecessarily larger treatment
volume, the dose to healthy tissue is significantly increased when margins are used to take target
motion into account.
Interfractional Dose Reconstruction Monitoring target motion and the actually performed
treatment simultaneously makes it possible to incorporate the already delivered dose accurately
into the treatment planning system (Litzenberg et al., 2006; Webb, 2008; Webb and Bortfeld,
2008). Due to the target’s motion, the fluence profiles delivered in the laboratory frame of
reference deviate from the planned fluence distributions in the target frame of reference. Taking
into account these already delivered, but modified dose distributions, a special treatment planning
system replans the treatment between fractions and calculates new fluence maps. This method
allows to partially correct for motion induced and delivery errors.
Motion-adapted 4D Treatment Planning If the target motion is well-known, e.g. from 4D-
CT data sets (Vedam et al., 2003; Ford et al., 2003; Wolthaus et al., 2008), and reproducible,
i.e. the patient’s breathing motion is regular or can be coached externally, it is possible to in-
corporate the target information into a 4D treatment planning approach. One of the proposed
methods derives the planning target volume as the time-weighed mean tumor position for the
breathing cycle (Wolthaus et al., 2005). Another method which does not require special equip-
ment for the delivery modifies the planned fluence distribution of a static target in such a way
that the convolution with the expected motion, i.e. the delivery to the moving tumor, results in
the planned distribution again (Webb, 2005b). Numerous techniques are based on the ‘breathing
leaves’ idea which was first proposed in a feasibility study by Keall et al. (2001). The delivery
is optimized based on 4D-CT data and the MLC leaves move in synchrony with the motion of
the target as assumed at the planning phase (Neicu et al., 2003; Papiez, 2003; Keall et al., 2004,
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2005; Webb, 2005a; Tewatia et al., 2006; McQuaid and Webb, 2008). Possible extensions of this
method focus to include the reproducibility of the patient’s breathing and system limits by a
weighed combination of a static and the synchronized delivery (Alasti et al., 2006; Vandermeer
et al., 2007) or focus on protecting adjacent OARs by including the additional information to
optimize the moving aperture in such a way that the dose to the OAR is minimized (Papiez et al.,
2007). By synchronizing the delivery to the respiratory cycle, the modified fluence distributions
allow to compensate for the (average) breathing motion.
The motion adapted planning based on moving apertures correlates strongly to the tracking tech-
nique introduced and discussed in detail later in section 3.4.
Probabilistic Treatment Planning Based on the information derived from a 4D-CT, the
treatment planning can be performed for various target positions representing different breathing
phases or expected changes in positions and deformations (Heath et al., 2008). A probabilistic
combination based on the probability for each position of the different resulting plans can be
performed to achieve an optimized plan for the expected interfractional target motion (Unkelbach
and Oelfke, 2004).
3.3.3 Patient Setup
Interfractional target motion can be partially corrected for during the patient setup with the help
of a control CT. Intrafractional motion can be partially suppressed if the patient is immobilized
during the setup.
Control CT Interfractional motion can be partially corrected for during the patient setup.
A control CT directly before the treatment allows to compare the actual to the planned target
volume position. The matching of the planning CT and the control CT can be performed with
the help of anatomical landmarks or implanted fiducial markers. Shifts and rotations of the target
volume can be compensated for by moving the entire patient couch to adjust the position of target
volume accordingly. However, this technique is limited in its potential if changes in the anatomical
structure occur. Target deformations and modifications of the relation between an adjacent OAR
and the target volume, e.g. a shift leading to an overlap, cannot be compensated for by a simple
correction of the treatment couch and thus the patient’s position.
Restriction of Patient Motion During patient setup, additional equipment can be used which
physically reduces the motion of the patient and therefore of the target volume. However, the
reduction of freedom in motion simultaneously reduces the patient’s comfort. These methods
include active breathing control (Wilson et al., 2003) to achieve a regular breathing pattern or a
pressure plate mounted on the patient’s abdomen to suppress abdominal motion caused by the
motion of the diaphragm (Lax et al., 1994; Negoro et al., 2001).
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Figure 3.5: Principal workflow of adaptive radiation therapy. First, the position and shape of
the target are detected. This is either performed between the fractions (green path) or continuously
during the delivery allowing to detect intrafractional motion (blue path). The target information
is compared to the reference data from the planning CT. If necessary, the planned fluence distri-
butions are adapted oﬄine or online, respectively, in the next step. This process is suitable for the
adaptation to interfractional changes of the target (blue) and the compensation of target motion
and deformation in real-time (green).
3.3.4 Gating to Handle Breathing Induced Motion
An advanced method mostly used for the irradiation of lung tumors is the so-called gating method.
Here, the patient is allowed to breath freely. With the help of a surrogate marker, the internal
(Shirato et al., 1999, 2000) or the external (Shen et al., 2003) motion of the patient’s anatomy is
measured and processed in real-time. Based on the knowledge extracted from a 4D-CT used for
treatment planning, the position of external markers can be correlated to the internal position
of the target volume. For delivery, the beam is only switched on whenever the target is within
a predefined spatial window or ‘gate’. Whenever it passes beyond the appointed threshold, the
beam is switched off. The size of the treatment field can be scaled down since only reduced safety
margins have to be employed to compensate for deviations in the target position. This technique
significantly reduces the dose delivered to the surrounding tissue. However, it also leads to an
increase of the treatment time. Therefore, the expected target motion amplitude should be more
than 10mm in order to gain an advantage from the trade-off between the benefit of a safety
margin reduction on one side and the elongated treatment time and the additional effort needed
to monitor the target motion on the other (Engelsman et al., 2005).
3.4 Real-time Target Tracking
The arguably most sophisticated approach to compensate for target movements is the target
tracking method. The principal workflow of adaptive radiation therapy is illustrated in Fig. 3.5.
In contrast to basic adaptive radiotherapy, real-time target tracking makes it possible to compen-
sate online for intrafractional motion while elementary approaches can only handle interfractional
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changes. The precise target data, including position and deformation of the anatomy, is provided
and processed in real-time by a control software which compares the current anatomical informa-
tion to the reference CT. If necessary, the dose delivery is continuously adapted mechanically, in
an online fashion, in order to follow the tumor position and to compensate for its motion. For this
purpose, either the treatment beam is shifted or the patient is moved in real-time according to the
target motion. The dynamic beam modulation can be performed with the help of an automatic
adaptation of the MLC aperture or a robotic radiation delivery device. To move the patient, a
specialized treatment couch can compensate for spatial displacements of the target volume. Both
approaches are limited by the delay times within the employed systems, reducing the precision
of the performance. Tracking with the aid of the treatment couch is restricted to displacements
only. On the contrary, the MLC is limited by the spatial resolution of the leaves. However, defor-
mations and rotations of the target volume can also be compensated for by online modifications
of the beam aperture according to the new projection of the target shape. For this purpose, the
appropriate target data has to be available in real-time precisely defining the projected contour
of the rotated volume. Furthermore, the constraints in acceleration and deceleration of the entire
couch mechanism due to the weight of the patient couch and the patient reduces the tracking
potential of this target tracking approach.
3.4.1 Dynamic MLC Tracking
The technique most investigations currently focus on is tracking with the aid of a dynamic multileaf
collimator in order to compensate in real-time for target motion. Initially for dynamic tracking, a
priori target data were employed during the planning phase to account for tumor motions. In this
case, as mentioned in section 3.3.2, the dose delivery with precalculated leaf positions based on
an average tumor trajectory has to be synchronized to the actual real-time target motion (Keall
et al., 2001). This concept is often referred to as ‘breathing leaves’. This method is restricted to
compensate only for predefined deviations and does not take into account arbitrary changes in
the position or shape of the target. To allow an online adaptation of the treatment in real-time, a
specialized control system is required. Here, the current research and developments of the author
come into play.
The aim of this project is to develop, design and implement an algorithm which is capable of
handling online target information, adapting the MLC aperture accordingly and to control the
MLC leaves in real-time in order to compensate for arbitrary tumor motion and deformation.
For this purpose, three specialized algorithms were designed, each taking into account different
objectives.
3.4.1.1 Dynamic IMRT Combined with Arbitrary 1D Motion
The first method combines IMRT (cf. chapter 3.1.2) with an optimized dynamic MLC delivery
technique and the adaptation to real-time target data. In order to eliminate the tongue-and-groove
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effect (cf. chapter 2.4.2.1), the leaf motions are online synchronized. This approach compensates
for motion and deformation along the direction of leaf travel and has been presented in Tacke
et al. (2007).
3.4.1.2 Real-time Tracking of 2-dimensional Motion
The second algorithm compensates for 2-dimensional motion and deformation of the tumor volume
in real-time. It compares the target information provided online to the contours which have been
defined in the planning CT. In a second step, the MLC aperture is optimally adapted to the
modified tumor outline. In addition, an automatic sparing of adjacent organs-at-risk can be
enforced if desired.
3.4.1.3 Real-time Tracking in Combination with Rotational Therapy
Rotational radiotherapy (cf. chapter 3.1.3) employs a continuous rotation of the linac gantry com-
bined with the dynamic MLC aperture modulation of dynamic IMRT. To enable tumor tracking
in combination with rotational therapy, different aspects have to be taken into account in the
adaptive control algorithm. The target information containing movements and deformations has
to be provided and incorporated taking into account the rotating beam’s-eye-view. For this pur-
pose, the relevant MLC aperture corresponding to each gantry angle has to be adapted to the
2-dimensional projection of the 3-dimensional tumor data.
The theoretical approaches forming the foundation of the leaf position calculations are presented
in the forthcoming chapter. Furthermore, the integration of the algorithms into the delivery
workflow and the design of a dynamic control system to adjust the MLC aperture to real-time
target information are presented.
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The focus of this work is the automatic adaptation of the radiation field to the moving target with
the aid of a dynamic multileaf collimator. The following section presents the development of a
synchronized dynamic MLC sequencer which compensates in real-time for 1-dimensional motion
and deformation during IMRT delivery. In the next section, an algorithm is presented that a dapts
the radiation field to arbitrary 2-dimensional motion or deformation. The third algorithm is an
enhancement of this algorithm which incorporates 3-dimensional motion and is used in rotational
therapy.
4.1 Tumor Tracking for Synchronized IMRT
The first algorithm presented here is for real-time tracking of tumor motions and deformations
along the direction of leaf travel. For this purpose, a synchronized dynamic MLC leaf sequencer has
been developed. It was presented in an earlier publication (Tacke et al., 2007). The development
of the algorithm is based on the work of Stein et al. (1994) whose approach optimized the leaf
velocities for a dynamic IMRT treatment. The optimization is extended according to Papiez
and Rangaraj (2005) for an optimized IMRT delivery incorporating a priori knowledge of 1D
target motion and deformation. In a second step, the method is modified in order to allow the
implementation of real-time target information. To avoid the tongue-and-groove effect (cf. chapter
2.4.2.1), the leaves of a MLC have to be synchronized in such a way that adjacent field positions
are irradiated at the same time. The procedure used for the synchronization is the mid-time
trajectory concept which will be explained in section 4.1.4.
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4.1.1 Dynamic IMRT
In a dynamic IMRT delivery the leaf speed varies in order to modulate the delivered fluence
profiles. One of the first proposals for an optimized dynamic delivery of IMRT fields resulted
in the Stein equations (Stein et al., 1994; Spirou and Chui, 1994; Svensson et al., 1994) which
maximize the velocities of the right, leading and the left, trailing leaves vR and vL depending on
the position x on the target and the corresponding planned intensity I(x). Depending on the
gradient of the intensity profile to be delivered I ′(x) = dI(x)dx the velocities are set to:
if I ′(x) ≥ 0:
vR(x) = vmax and vL(x) =
vmax
1 + I ′(x) · vmax
(4.1)
and if I ′(x) < 0:
vL(x) = vmax and vR(x) =
vmax
1− I ′(x) · vmax
(4.2)
with vmax as the maximum admissible physical leaf speed. The principle of this optimization is
illustrated for one intensity profile in Fig. 4.1. For each position x within the target, the leaf
velocities are maximized depending on the sign of I ′(x).
4.1.2 Adapting IMRT Delivery to Target Motion
To incorporate a priori knowledge of unidirectional motion and deformation of the target volume
along the direction of leaf travel, the Eqn. 4.1 and 4.2 describing maximized leaf velocities in the
laboratory frame of reference are expanded (Papiez, 2003; Papiez and Rangaraj, 2005) to
vR(x,m) = vmax
vL(x,m) =
b(x,m) · [vmax − vT (x,m)]
1 + d−1(x,m) · I ′(x) · [vmax − vT (x,m)]
+ vT (x,m+ I(x))
(4.3)
if dI(x)dx ≥ 0 and on the other hand if
dI(x)
dx < 0 to
vL(x,m) = vmax
vR(x,m) =
vmax − vT (x,m+ I(x))
b(x,m)− d−1(x,m) · I ′(x) · [vmax − vT (x,m+ I(x))]
+ vT (x,m)
(4.4)
where d(x,m) is the deformation of the target volume at the position x within the target and time
m (where the time is measured in monitor units) compared to the extent at the planning phase.
For the implementation in the algorithm it is assumed that the deformation is uniform over the
target, i.e. if, for example, the target would have doubled its size the deformation would be twice
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Figure 4.1: Schematic drawing to illustrate the optimization of an IMRT delivery with a dynamic
MLC for the intensity profile shown in (a). The leaf velocities, shown in (b), are optimized for the
dynamic delivery of the intensity profile. For each position x within the target, the leaf velocity of
the leading leaf (green, dashed line) and the trailing leaf (blue, dotted line) are maximized according
to Eqn. 4.1 and 4.2, respectively. The resulting leaf trajectories are shown in (c). It has to be
noted that the optimization approach illustrated here maximizes the velocities for each position
x within the target referred to along the x-axis. On the contrary, the algorithms presented later
optimize the delivery online. There, the optimization has to maximize the leaf velocities for each
time m (when the target position x is reached).
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as much at all positions x. b(x,m) is the ratio of the deformation at the position x at time m and
the deformation at the same position x at the future time m+ I(x) when the required intensity
I(x) is delivered: b(x,m) = d(x,m+ I(x))/d(x,m).
The target velocity is given by vT (x,m) for the target position x at time m and by vT (x,m+I(x))
for the future time m+ I(x).
It is important to remark that an analytical solution for Eqn. 4.3 and 4.4 exists only if the entire
future target information is available a priori since the optimized velocities depend on target
position and deformation at the current time m and the time m+I(x) when the required intensity
I(x) has been delivered. Therefore, a straightforward online optimization of the leaf positions is
not possible due to the unknown target velocity at the time m+ I(x) when the trailing leaf will
reach the respective current position of the leading leaf.
4.1.3 IMRT Delivery with Real-Time Compensation
To allow a real-time optimized compensation, a modified model has been proposed (Papiez et al.,
2005) which restricts the maximum leaf velocity in (4.3) and (4.4) during the optimization phase
in order to achieve a safety margin accounting for unknown future target motion. Employing a
restriction factor c ∈ [0, 1], the velocities of the leaves are restricted during the optimization of
the leading leaf velocity vR to vR, vL ∈ V = [vR, vL;−c · vmax ≤ vR, vL ≤ c · vmax]. The real-time
calculation of the trailing leaf velocity can now use a velocity exceeding the restricted velocity
c · vmax assumed during the real-time optimization in order to compensate for potential target
motion.
Since the maximum velocity of the leading leaf is decreased, the overall irradiation time of the
delivery is increased. Therefore, the restriction factor should be kept as small as possible in order
not to elongate the treatment time unnecessarily. However, it has to be chosen sufficiently large
to allow an appropriate safety margin for unknown target motion. Assuming a target velocity of
up to 7mm/s (Brandner et al., 2006) combined with a maximum leaf velocity of 40mm/s for the
160MLC, a restriction factor of c = 0.7 seems to be a reasonable value for practical applications.
This approach enables us to compensate in real-time for target motions and deformations. The
accuracy of this real-time tracking method is only restricted by two factors: the time needed for
the acquisition and interpretation of the information of the target’s position and shape; and the
delay time and the response of the leaf control system.
4.1.4 Mid-time Trajectory Concept
The method presented above calculates the leaf trajectories which are optimized with respect to
the maximized leaf velocities and in addition compensates for target motion and deformation by
adapting the leaf speed in real-time according to the target information. But the technique does
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not take into account the tongue-and-groove effect through a synchronization of neighbouring
leaves. In the literature, there are different approaches to avoid the tongue-and-effect during
the delivery to a static target (van Santvoort and Heijmen, 1996; Webb et al., 1997; Ma et al.,
1999; Agazaryan and Solberg, 2003; Kamath et al., 2004; Luan et al., 2006) but only the one
proposed by Rangaraj and Papiez (2005) combined the dynamic tumor tracking technique with
leaf synchronization. The approach is based on a common mid-time (MT) trajectory for all leaf
pairs. The mid-time trajectory position xMT is defined by the correlation of a position x on the
target and the time m when 50% of the prescribed dose are delivered to this position, i.e., by
xMT (m) = xR(m− 0.5 · I(xMT (m)))
xMT (m) = xL(m+ 0.5 · I(xMT (m))).
(4.5)
In other words, this means that the leaf pair whose profile includes the largest fluence at a position
x in the target, reaches this position first with its leading leaf and is the last to cover it with the
trailing leaf. The other leaf pairs follow consecutively in the order determined by the magnitude
of the fluence to be applied. This ensures that a split line position is not successively irradiated.
An advantage of this method is that it does not require a time-intensive iterative optimization.
The cost of the elimination of the tongue-and-groove effect is an overall increase of the irradiation
time compared to the methods presented in earlier sections. This is due to the fact, that - beside
maximizing the velocities - at any target position x the smallest slope of the mid-time trajectories
of all leaf pairs has to be chosen.
In order to utilize this concept for real-time tracking of target motion and deformation, substantial
modifications are required since the knowledge of future target positions is not available for a strict
analytical solution.
4.1.5 Adaptation of the Mid-time Trajectory to Real-time Information
The approach of an online calculated mid-time trajectory based on real-time target information
is a synthesis of the above described methods. It includes the following steps as presented in the
above sections:
– the leaf velocities are maximized;
– the target motion and deformation is taken into account;
– for the optimization, the leaf velocity is restricted to c · vmax in order to allow a safety
margin for unknown future motion;
– the leaves are finally synchronized online to avoid the tongue-and-groove effect.
The optimization of the leaf trajectories as well as the alignment of the MT trajectories to a
common MT is performed in the target frame of reference as employed for treatment planning.
This allows a direct comparison of the actually delivered dose and the prescribed dose. The
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Figure 4.2: Schematic drawing of the synchronization workflow for optimized real-time tracking.
A detailed description of steps 1-4 for the optimization of the leading leaf positions performed in
the target frame of reference is given in the text.
optimized positions are transferred from the target frame of reference to the laboratory frame to
determine the required mechanical leaf positions. In the following, a description of the sequencing
algorithm is presented and graphically illustrated in Fig. 4.2.
Step 1. At the beginning of each control cycle, the foremost leading leaf (FLL) is chosen from the
right leading leaves Ri.
Step 2. In the following step, xMT′ , the next position of the synchronized mid-time trajectory,
is calculated: for all leaf pairs the optimized velocity for the position xFLL is calculated which
allows the determination of the different mid-time trajectories according to each intensity profile.
From these, the trajectory MT− with the smallest velocity vMT− is selected and determines the
common synchronized mid-time trajectory. This implies that all leading leaves do not violate the
constraint imposed by the maximum velocity c · vmax. Subsequently, the next mid-time position
xMT′ is calculated as
xMT′ = xFLL +∆m · vMT− , (4.6)
where ∆m is the estimated length of a control update interval. From the new mid-time trajectory,
the next positions of the leading leaves are defined by calculating the time m′ at which the leaf
tips have to reach the position xMT′ .
Step 3. The point in time m′ is estimated by
m′ = m+ 0.5 · IFLL(xFLL) + ∆m− 0.5 · IFLL(xMT′) (4.7)
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Step 4. The remaining leading leaves are moved in such a way that 50% of the prescribed dose is
delivered before the mid-time trajectory reaches its anticipated position.
Step 5. The trailing leaves are positioned in such a way that they reach a position xL just when
the required dose is applied, i.e. so that
xL(m) = xR(m− I(xL(m)))
xL(m) = xMT (m− 0.5 · I(xL(M))). (4.8)
To ensure, that these equations are fulfilled and that only the prescribed dose is delivered, the
following leaves can use the maximum physical leaf speed vmax exceeding the restricted velocity
c · vmax assumed during the optimization. In this way, it is possible to compensate for additional
a priori unknown target motion which could not be taken into account during the optimization
phase.
4.2 Tracking of Arbitrary 2-Dimensional Motion
In radiotherapy with conformal fields (cf. chapter 3.1.1) or in step-and-shoot IMRT (cf. chapter
3.1.2), the MLC leaves are used to statically shape each planned radiation field or single subfield.
Unlike dynamic IMRT, they are placed once for each segment and do not move during the delivery
of the prescribed monitor units. To enable the compensation of target motions and deformations,
the leaf positions have to be changed during the dose delivery of each single field in order to adapt
the aperture to actual target deviation information.
4.2.1 Field Adaptation with a Dynamic Leaf Control
Incorporating the target information supplied in real-time into the tracking system, the automatic
adaptation of the field is performed with a dynamic sequencer. Continuously analyzing the target
information, the actual leaf positions, their velocities and other external parameters (e.g. gantry
angle), the dynamic algorithm calculates the leaf positions required to compensate for changes of
the target volume. In addition, latency times of the system have to be taken into account. They
result from the time needed to acquire and report the target information as well as processing
latencies within the MLC control system. To compensate for the latencies, filters (presented in
chapter 4.4.4) are employed to predict the next target positions for which the leaf positions have
to be calculated.
The dynamic algorithm itself includes three different tracking modes as illustrated in Fig. 4.3:
interior, exterior and variable tracking according to the choice of leaf positioning definition (Zhu
et al., 1992).
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Figure 4.3: Graphical illustration of different 2D tracking modes. The target (green solid) is
covered by the leaves (blue lines) employing different tracking modes: (a) Interior tracking sparing
the entire surrounding healthy tissue. (b) Exterior tracking covering always the entire target
volume. (c) Variable tracking using a trade-off between underdosage of the target and overdosage
of the surrounding tissue.
Interior / Minimum Tracking The field shape is defined by the interior target border such
that as much target area as possible is exposed to the beam while all surrounding healthy tissue
is completely spared. However, an underdosage of the borders and edges of the target has to be
taken into account.
Exterior / Maximum Tracking Here, the radiation field is defined by the outer border of
the target so that the entire target is always within the radiation field and an overdosage of the
directly adjacent surrounding tissue is accepted.
Variable Percentage Tracking The leaves are placed in such a way that the covered region
of the target is weighed against the exposed surrounding tissue. In this way, a variable trade-off
between the overdosage of the healthy tissue and an underdosage of the target can be defined.
4.2.2 Leaf Position Definition
In order to adapt the leaf positions to the dislocated target volume, first the relevant sections m of
the target T in the laboratory frame of reference (L) to be covered by the respective y-extension of
the leaf projection are calculated as defined in (4.9) and illustrated in Fig. 4.4. By definition, yLk
is the lower, negative side of the leaf k and yLk+1 the projection of the positive side. The relevant
coordinates m are described by
m ∈ Mk = {m; y(T
L
m) ≤ y
L
k+1, y(T
L
m+1) ≥ y
L
k }. (4.9)
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Figure 4.4: Outline how to determine the relevant target fraction for the leaf position calculation.
The leaves (blue lines) are placed exemplarily in the exterior mode around the target (green solid).
For the relevant leaf k its border coordinates yk and yk+1 are labelled. The different target sections
m form the defining target fraction Mk which is used for the calculation of the leaf position xk.
Depending on the selected mode, the m ∈ M which determines the resulting leaf position xL of
leaf bank X1 and X2 is selected.
xL1,k =


max(TLm) ∀m ∈M for interior mode
min(TLm) ∀m ∈M for exterior mode
(4.10)
xL2,k =


min(TLm) ∀m ∈M for interior mode
max(TLm) ∀m ∈M for exterior mode
(4.11)
The variable mode requires a more differentiated calculation of the leaf positions:
xLk =
∑
M
wm · T
L
m (4.12)
with the variable weighting factor
wm =


y(T L
m+1
)−yl
yk+1−yk
for y(TLm) ≤ yk
y(T L
m+1
)−y(T Lm)
yk+1−yk
for y(TLm) ≥ yk, y(T
L
m+1) ≤ yk+1
yk+1−y(T
L
m)
yk+1−yk
for y(TLm+1) ≥ yk+1
(4.13)
4.2.3 Organ-at-Risk
In addition to variations in the target volume, the adaptive sequencer also takes into account
information about an adjacent organ-at-risk. If the tumor movement or deformation leads to an
overlap of the target volume with a predefined critical structure, the controller calculates the leaf
positions in a predefinable mode similar to the ones employed for the field definition described
in the sections above so that either the leaves completely spare the OAR or a trade-off between
exposed OAR and irradiated target volume defines the leaf positions. An example of a well spared
OAR leaf position snapshot is presented in Fig. 4.5.
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Figure 4.5: Snapshot of the simulated target tracking in combination with the automatic sparing
of the OAR (red contour on the right). The leaves (blue lines) have been placed with the variable
tracking mode in order to compensate for target motion, but are controlled in such a way that the
OAR is completely spared to ensure its protection.
4.3 Tracking of 3-dimensional Motion during Rotational Therapy
Rotational therapy (cf. chapter 3.1.3) is an advanced radiotherapy technique is where, unlike the
conventional approach, the beam is not only delivered for discrete angles, but the gantry rotates
continuously while the beam is constantly active. For the optimization and the calculation of
the planned leaf positions, an approximation with discrete gantry angles is chosen (e.g. 10/5/3/1
degree steps) (Ulrich et al., 2007), while during the actual delivery a constant gantry rotation in
combination with a dynamic MLC delivery is planned.
The algorithm combining rotational therapy with tumor tracking breaks the planned leaf posi-
tions and velocities down to discrete single-degree steps interpolating the intermediate positions.
Based on the resulting 360 segments, the algorithm combines the actual target information with
the planned field positions to modify online the leaf positions in order to compensate for target
deviations. Similar to the 2D mode described above, the leaf positions and the resulting leaf
velocities are determined in one of the predefined modes (interior, exterior or variable tracking,
cf. chapter 4.2.1). For this purpose, the sequencer has to include a prediction of the next planned
target position and the corresponding gantry position (cf. chapter 4.4.4). In addition, the algo-
rithm has to transform the target information which is provided in the IEC room coordinates to
the beam’s eye view through the collimator.
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Detector DTTC SCC MLC
LinacGantry
Figure 4.6: Workflow diagram describing the system architecture. The dynamic target tracking
control (DTTC) receives the information about the target and the gantry, calculates the new
positions and transfers them to the Siemens Collimator Control (SCC) which communicates with
the MLC. Interlocks and similar control sequences would have to be directed from the DTTC
instead of the SCC to the linac who has to report the delivered monitor units back to the DTTC
as a time reference.
Rotation Matrix The transformation of the target information x provided in the room coor-
dinate system (cf. chapter 2.4.3) to xMLC in the MLC coordinate system is performed via
xMLC = C×G× x (4.14)
with
G =


cos γ 0 − sin γ
0 1 0
sin γ 0 cos γ

 and C =


cos θ sin θ 0
− sin θ cos θ 0
0 0 1


where G is the rotation matrix for the transformation of the room coordinates to the gantry coor-
dinate system with the gantry rotation angle γ. The transformation from the gantry coordinate
system to the collimator’s coordinate system (if the MLC is rotated by θ) is described by the
rotation matrix C.
4.4 Design of the Control Software
The following section includes the implementation details of the algorithms presented above into
a control system for the 160MLC TM, Siemens Healthcare OCS, Erlangen (introduced in 2.4.2).
First, the general system architecture is presented followed by an overview of the employed meth-
ods such as control loops or prediction filter and the detailed specification of the program structure.
4.4.1 System Architecture
The general architecture of the control system can be split into four main sections. The according
workflow diagram is presented in Fig. 4.6. The first section acquires external information such as
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the actual target information, i.e. position and deformation, or the gantry and collimator angle
which determine the required modifications of the MLC aperture (more details in paragraph 4.4.5).
This information is processed and interpreted by the dynamic target tracking control (DTTC)
system which is illustrated and explained in section 4.4.7. Based on real-time data, the DTTC
estimates and predicts the next target modifications and calculates new leaf positions and the leaf
velocities required to reach the planned positions in time. The new leaf commands are sent to the
Siemens Collimator Control which communicates with the microcontrollers of the MLC leaves.
4.4.1.1 Siemens Collimator Control System
The Siemens Collimator Control (SCC) is the link between the control console of the linear ac-
celerator and the mounted multileaf collimator. The SCC receives from the control console the
commands including the field position information, calculates the corresponding leaf positions,
sends the information to the Leaf Carriage Control (LCC) which then positions the leaves ac-
cordingly. The actual leaf positions are reported back from the LCC to the SCC which sets or
resets interlocks in the control console depending whether the planned positions were reached or
not. Within the SCC the field information is processed through various safety loops leading to a
considerable internal delay within the SCC. Significant modifications and extensions of the SCC
were provided by Siemens Healthcare CV, Kemnath, allowing a faster processing of new com-
mands. For this purpose, a so-called SCUserver (details in section 4.4.5) was implemented which
can receive a specialized protocol from the DTTC. The data including the next leaf positions and
velocities can be processed faster to the LCC by disabling various additional software packages
(SP) containing additional security checks, thus reducing considerably the internal delay times.
The information is sent from the DTTC to the SCUserver which passes it on to the DriveSP
where it is transferred directly to the CanSP which is in charge of the CAN-bus (controller-area
network) communication with the LCC. An increase in the process update frequency within the
SCC could further reduce the delay times and improve the performance.
4.4.2 Control Loops
Control systems are employed to command and regulate the performance of a device or a system.
In the special case of a control loop, the results of the output commands are monitored and
reported back as an input to the control system. The input to the system is therefore a mixing
of two separate streams: the input information which has to be processed by the control system
and the report of a sensor supervising the output effects. The control loop is either classified as
a feed-back or a feed-forward loop as differentiated in the following paragraphs.
Feed-forward Loop A feed-forward loop is used to maintain the desired state of the system.
For this purpose a pre-defined reaction to a predictable cause is used to modify the system perfor-
mance in advance to sustain the state. For this purpose, the perturbation has to be measurable
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and its effect on the output of the system has to be known. In addition, the time to the impact of
the disturbance on the output must be longer than the time needed for the feed-forward control
system to affect the output.
Feed-back Loop A feed-back loop is a circular causal process. Here the output is used loop-like
as an additional part of the input. Changes in the output are monitored and reported back to
the system modifying its output to reconstitute the desired state of the system.
The designed control system for the MLC is a combination of a feed-forward and a feed-back loop.
In the feed-forward part, the target motion and deformation is monitored and estimated changes
are predicted for the near future. This information is used to modify the system’s performance,
that is the leaf positions, in order to maintain the desired state, that is the conformity of the
actually irradiated volume with the planned target volume. For the feed-back loop, the matching
of the two volumes (considered to be the output of the system) is recorded and reported back as
an input to the system. Deviations can result from unpredicted or imprecisely predicted target
changes or an insufficient leaf performance (such as too slow or too fast leaf motion) due to
mechanical disturbances.
4.4.3 System Latency and Delay Times
The system performance is a crucial factor in the target tracking approach and has a significant
impact on the quality of the delivery. A critical characteristic is the delay time of the system since
it determines the time needed to react to spontaneous changes and the interval for which regular
motion has to be predicted. The larger the delay the worse the potential performance. The
overall system latency consists of various factors resulting from the different components. Using
a chronological order of the signal processing, numerous steps and their respective delay times
have to be taken into account. First, target motion and deformation has to be monitored, filtered
and processed by a detection device as presented in 3.2.4. The estimated delay for example of the
Calypso system is approximately 100ms. In the next step, the modified leaf positions have to be
calculated in the DTTC which takes at most only a few milliseconds. With a fixed update rate,
based on the performance capabilities of the SCC, these positions are sent to the SCC. With the
current setting, the SCC can receive new position commands every 100ms. The information is
then processed in the SCC (approximately 150ms) and sent to the leaf controllers which regulate
the leaf acceleration, deceleration and speed accordingly. It takes about 230ms from the time
the signal is sent via CAN-bus up to the first significant leaf movement. The last delay to be
considered is the interval in which the new positions will be set. This interval corresponds to the
update rate of 100ms.
Figure 4.7 illustrates the time correlation between the acquired real-time target and leaf posi-
tions and the estimated target and the respective planned leaf positions. While the planned leaf
positions Xpp are processed first through the SCC and then through the LCC, the next target
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Figure 4.7: Graphical illustration of the time line of registering and predicting the target positions
and calculating the leaf positions. For each time interval δt the real-time (rt) target position
Trt (black) is measured and the required next planned position (pp) of the target Tpp (blue) is
estimated. According to the predicted position, the leaf positions Xpp (green) are calculated and
afterwards compared to the actual real-time positions Xrt (red). For example, the actual real-time
positions of the target (Trt1 ) and of the leaves (X
rt
1 ) are reported at the time t1. Based on the latest
target motion history, the next planned target position (Tpp1 ) is predicted which will be reached
after the time ∆t1 at t4 taking into account the system latency δSCC and the control interval δt
to be covered. The required leaf position (Xpp1 ) is calculated and transferred to the SCC. Since the
velocity of the leaf is limited, the planned position cannot be reached at once (green dashed line),
but the leaf travels with the maximum physical velocity vmax.
and leaf information is again independently provided to the DTTC which, after the predefined
interval, sends the next planned positions to the SCC. By continuously recalculating the new leaf
positions, the next planned positions are always based on the most current leaf and target position
information. In this way, the positions sent to the SCC at each control update interval are based
on the most recent information and the latency within the DTTC is reduced to a minimum.
In order to properly take latency times into account, prediction filters have to be employed to
estimate the next planned target position for which the leaf positions are calculated. A simple
feed-back loop inducing only a reaction to real-time target information would result in a radiation
field that is constantly lagging behind the moving target leading to significant dose errors at the
target edges and even to a complete failure if the movement is faster.
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4.4.4 Prediction Filter
To predict target motion, various approaches can be used. Depending on the time scale and the
type of motion which has to be predicted, different prediction filters are employed.
Linear Filter A simple linear filter implements only previous and current (real-time) informa-
tion to extrapolate the next position linearly. By definition, it assumes constant velocities and
therefore – depending on the prevailing motion – is only suitable for short- and mid-time predic-
tions. The next planned target position Tpp1 is calculated from the last two real-time target data
Trt acquired at the time t(Trt) using
Tpp1 = T
rt
1 +∆t · v
rt
1 (4.15)
with the real-time target velocity
vrt1 =
Trt1 − T
rt
0
t(Trt1 )− t(T
rt
0 )
(4.16)
and the prediction interval
∆t = δt + δSCC + τ (4.17)
which consists of δt, the update interval length, of δSCC, the latency in the SCC and the LCC, and
of τ , the age of the last target information Trt1 which includes the delay of the target detection
system.
2nd-Order Filter A 2nd-order filter uses at least the last three target data sets to calculate the
current velocity and acceleration of the object and employs a quadratic extrapolation to estimate
the next target position Tpp1 . In contrast to a linear filter, the real-time velocity v
rt
1 in (4.15) is
substituted by the planned velocity
vpp1 = v
rt
1 +∆t · a
rt
1 (4.18)
which has been modified with the real-time acceleration calculated analogously to (4.16). For
short-time predictions, a high accuracy can be achieved in this way. However, if the prediction
interval ∆t is too long, the quadratic term incorporating the acceleration information deteriorates
the prediction reliabilty.
Other Filters In addition to the polynomial filters mentioned above, numerous other filters
were proposed in the literature. For regular motions, especially breathing induced movements, a
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sinusoidal filter can be applied (Vedam et al., 2004). Furthermore, adaptive and trainable filters
were developed and investigated (Vedam et al., 2005; Qiu et al., 2007; Ren et al., 2007), partially
based on neural networks (Isaksson and Jalden, 2005). These filters can achieve a high precision
even for increased prediction intervals. For highly irregular motion, e.g. prostate shifts, these
filters are limited in accuracy as well.
The implementation developed is used for regular as well as irregular motion and has to cope with
significant system latencies. For this reason, a linear filter is employed to predict the next target
positions.
4.4.5 Specialized Interface Protocols
To allow a communication between the independent DTTC (cf. chapter 4.4.1), the linac (cf. chap-
ter 2.4.1), the MLC (cf. chapter 2.4.2), and the target localization device (cf. chapter 3.2.4), a
TCP/IP network was set up and specialized interfaces were constructed. The transferred data
streams were either based on minimized user-defined protocols or adapted to patterns provided
by external system components.
160 MLC Interface The communication with the 160MLC requires a modification in the
software of the SCC. A so-called ‘SCUserver’ was added as an independent software package to
the SCC by Siemens Healthcare CV, Kemnath, Germany. The SCUserver can receive specific
position commands through a network port and processes them in an accelerated mode through
the collimator control. At the same time, it reports the actual leaf positions from the shared
memory stack. The protocol sent to and received from the SCUserver contains the (next) leaf
position data for all leaves and the carriages as well as their velocities. In this way, a direct
dynamic modification of the leaf positions and velocities as required for a MLC-based tracking
system is made possible.
AD Interface To implement real-time target data, an interface to a target tracking and lo-
calization device is necessary. The system is designed in such a way that different input signals
can be employed to determine the target position. During the experimental investigations, the
positions of the moving phantoms were provided at 10Hz via TCP/IP by an analog-to-digital
converter (iM-AD25a, BMC Messsysteme, Maisach, Germany). This target information is trans-
formed into a data set equivalent to three internal markers, mimicking the data provided by the
Calypso system.
Calypso Interface In order to implement the real-time target data into the DTTC, another
option is an interface to link to the real-time data stream of a Calypso system (cf. chapter 3.2.4).
Since the real-time system was not yet available to the author’s institution, preliminary tests were
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performed with a Calypso system emulator. It simulated the data stream of a real-time system
based on a priori generated Calypso data. In this way, the compatibility of the tracking system
with the Calypso real-time data stream was proved.
Linac Interface In order to perform rotational therapy (cf. chapter 3.1.3) in combination with
the real-time tracking approach, the current gantry angle has to be provided online to the DTTC.
Depending on this angle, the respective originally planned fluence pattern is selected and modified
in order to incorporate changes induced by target motion. The altered leaf pattern is transferred
to the MLC allowing gantry-angle dependent fluence profiles which simultaneously compensate for
target movements. It is important to note that the target data has to be transformed according
to (4.14) in order to take into account the relevant extents of the target which correspond to the
projections of the target and its changes in the rotated beam’s eye view.
4.4.6 Multithreading
The DTTC is designed using the multithreading method. This technique makes it possible to
execute concurrent subroutines in one process. They run simultaneously but share the variables
of the main process. For instance, the DTTC starts various threads to independently read from
or write to the different interfaces and at the same time calculate new leaf positions based on the
updated information provided by the other threads.
It is important to remember that all threads run simultaneously but do not necessarily interact
directly at all times. To be precise, the subprocesses do not exactly run parallel on one processor
but share its capacity alternatingly using the so-called time slicing method where the period of
utilisation is iteratively divided and shared. Since the threads are independent, race conditions
are encountered. This means that, for example, two threads read and write to the same variable
at the same time. Especially if both write at the same time, errors will occur. To ensure a
proper functionality, so-called ‘mutex’ variables, i.e. mutual exclusive variables, are introduced.
These atomic variables serve as semaphores: if a mutex variable is locked by one thread, no
other thread can use the variable but has to wait for it to be unlocked. Another feature is the
possibility to trigger the threads. If for example one thread fulfills a certain condition, e.g. a new
set of target position data has been received, the thread can trigger other threads waiting for its
trigger signal. This technique was employed to trigger the positioner depending on the current
state of the SCC in order to synchronize the ‘Positioner thread’ with the SCC. This was done to
guarantee no interruption of SCUserver performance caused by an overlap of the sending state of
the SCUserver and the receipt of a new leaf position command at the same time. Based on the
possible update rate of the SCUserver, the ‘Positioner thread’ was triggered (in the version this
thesis is based on) every 100ms by the ‘MLC thread’ which received the actual leaf positions at
50ms intervals from the SCUserver.
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Figure 4.8: Workflow diagram describing the thread structure. The ‘Target thread’ receives the
target position from an external detector and the ‘Gantry thread’ reads the gantry angle from the
linac data stream. All data are stored in the ‘Common memory’ where the ‘RT thread’ always
picks the newest information based on which the next planned leaf positions are calculated and
which are stored again in the ‘Common memory’. The SCUserver sends the actual leaf positions
to the ‘MLC thread’ which in turn triggers at a predefined interval the ‘Positioner thread’ which
picks the next planned leaf positions from the ‘Common memory’ and sends them to the SCUserver
in the SCC. There the data are processed via CAN-bus to the Leaf Carriage Control (LCC) which
place the leaf accordingly.
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The DTTC employs in total five threads as presented in the workflow chart illustrated in Fig. 4.8.
The ‘RT (real-time tracking) thread’ calculates in a continuous loop new leaf positions and pro-
vides them in the common memory. The ‘Target thread’ receives and processes the real-time
target information. The ‘Gantry thread’ acquires and imports the current gantry angle. The
‘MLC thread’ and the ‘Positioner thread’ communicate with the SCC. While the ‘MLC thread’
receives the actual leaf positions and velocities, the ‘Positioner thread’ sends the new commands
containing the next planned leaf positions and velocities. A more detailed performance descrip-
tion of the threads is given in the following section which explains the C++ classes including the
different threads.
4.4.7 Program Classes
The dynamic target tracking control (DTTC) system is written in C++, an object-oriented pro-
gramming language which is based on elementary calculations and logic functions. The following
section illustrates the object classes, each of which has a special performance characteristic: shared
memory in the Common class, leaf position calculation based on real-time information in the RT
class, communication with the 160MLC in the MLC class and implementation of target and
gantry real-time information in the Target class. Each duty cycle has its own independent thread
but is able to use the shared memory stored in the Common class.
4.4.7.1 Common Class
The Common class represents the shared memory which contains all the variables that are inter-
changed between the threads and the corresponding interlocks that ensure a thread-safe perfor-
mance without interplay effects. In detail, this means that all variables used by more than one
thread have a mutex variable (cf. chapter 4.4.6) which protects the original variable so that the
variable can be used only by one thread at a time. Otherwise different threads could read and
write at the same time to the same variable causing significant memory errors. The class contains
the entire information of the target positions combined with an according time stamp, all gantry
information, the entire actual leaf velocities and positions and when they were reached as well as
the planned leaf positions and when they were supposed to be reached.
4.4.7.2 RT Class
The RT class contains the essential algorithm, commanded by the ‘RT thread’, that actually
performs the real-time tumor tracking. In a continuous loop, first the current real-time information
(target, gantry, and leaf data) is read from the Common class. In the next step, the target and
gantry motion is predicted for the planning interval (cf. chapter 4.4.3). For the prediction, a
linear filter is employed, because the system delay time is approximately 500ms (400ms delay
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plus 100ms update interval) and therefore a 2nd-order filter is not feasible any more since the
quadratic term induces significant prediction errors. For the predicted circumstances, the new
leaf positions are calculated in the target frame of reference according to the method employed
(cf. chapters 4.1-4.3). These positions are then transferred to the laboratory frame of reference
to determine the next mechanical leaf positions and the information is placed in the Common
class. An entire calculation cycle takes between 0.1 and 2ms and it is performed in an endless
loop automatically integrating the newest available target and gantry information. The planned
leaf positions sent to the MLC thus have been calculated only a few milliseconds before.
4.4.7.3 MLC Class
The MLC class performs the entire communication with the 160MLC by setting up the required
interface 4.4.5. For this purpose, a TCP/IP connection is established to a predefined port of the
SCC which is open for the ‘MLC thread’ and the ‘Positioner thread’.
MLC Thread The ‘MLC thread’ receives at the 160MLC interface the data stream provided
by the SCUserver (cf. 4.4.1.1). From this, the leaf positions and velocities are extracted and
the information is stored with the according time stamp in the Common class. Specified by
the predefined update interval, the ‘MLC thread’ triggers the ‘Positioner thread’ at a multiple
of the SCUserver update rate, e.g. 2× 50ms=100ms, in order to ensure a robust SCUserver
performance.
Positioner Thread The new leaf positions are controlled by the ‘Positioner thread’. The
subroutine first reads the next leaf positions from the Common class which had been calculated
by the ‘RT thread’. The next leaf positions are then sent in a special control command triggered
by the ‘MLC thread’ to the SCUserver and stored as planned leaf positions with the time when
they are planned to be reached in the Common class.
4.4.7.4 Target Class
The information which is required for tracking of target motion is imported in the Target class.
This includes the acquisition of the real-time target data as well as the gantry angle which deter-
mines the beam direction and therefore the point of view defined by the rotated MLC frame of
reference.
Calypso / Target Thread The real-time tumor position and velocity and its deformation
are imported from an external tumor detection device by the ‘Target thread’. The data are
received via a TCP/IP connection from an arbitrary localization system fulfilling the interface
requirements and imported to the DTTC. The information is stored in the Common class with
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the corresponding time stamp taking into account possible delays in the detection system as well.
In the case of the Calypso system (cf. 3.2.4), the ‘Target thread’ is substituted by the ‘Calypso
thread’ which imports the positions of the three fiducial markers which link to the according
target position and deformation.
Gantry Thread The ‘Gantry thread’ imports the information provided by the linac (cf. 2.4.1)
including the gantry angle and the absolute number of delivered monitor units. The gantry
information and the respective time are stored in the Common class where they are picked up by
the ‘RT thread’ for the prediction of the next planned gantry angle.
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Chapter 5
Verification and Assessment of the
Tracking Algorithms
To demonstrate the feasibility of the newly developed real-time target tracking algorithms intro-
duced in sections 4.1 to 4.3, first, a real-time feedback control loop was simulated and integrated
with the ARTISTETM linac at DFKZ. Based on preliminary analytical results, the control sys-
tem presented in section 4.4 was designed incorporating the different tracking algorithms. Using
a stand-alone MLC, the first experiments assessed the mechanical performance characteristics by
comparing the planned leaf positions (calculated by the dynamic target tracking control (DTTC))
and the actual leaf positions (reported by the MLC). Experiments with an 160MLCTM mounted
on an ARTISTETM were used to investigate the treatment of moving target volumes. For this
purpose, the dose delivery without motion compensation was compared to the treatment with the
newly developed control system presented in this thesis. Based on measurements with different
phantoms, the potential benefits of the new technique could be assessed.
At the beginning of this chapter, the different setups employed for the simulations and the ex-
perimental investigations are described. The later sections describe the results extracted from
simulations and experiments which quantify the radiological improvements. Analogous to the de-
scription of the different tracking approaches in chapter 4, first the synchronized IMRT algorithm
compensating for 1-dimensional target motion and deformation is evaluated. Next, simulations
and experiments investigating the 2-dimensional tracking approach are discussed in detail. Finally,
an outlook for the tracking of 3-dimensional motion during rotational therapy is discussed.
5.1 Setup Used for Simulations and Experiments
Three different setups were employed to evaluate the tracking algorithms developed in this thesis.
The basic concept of the algorithms was tested with analytical simulations while the experimental
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verification and the assessment of the radiological improvements is based on two different 160MLC
setups.
5.1.1 Simulations: Virtual MLC Control Loops
To evaluate the performance of the algorithms, real-time feedback loops were simulated. For
this purpose, the virtual target data (position and deformation of the tumor or internal marker
positions) was calculated at predefined intervals. Only the current information was provided to
the DTTC and no a priori target data was included in order to simulate a real-time environment.
The target motion was based on a mathematical model, but combined with an additional random
component π in order to simulate pertubations and irregularities in the motion pattern. The
virtual MLC control system calculated online the next optimized leaf positions. Each control
step is assumed to take approximately 60ms. The mechanical leaf positions were simulated by
modifying the analytical planned positions with a random shift ǫ∈ [-0.1mm, 0.1mm] in order to
simulate mechanical deviations and uncertainties during the positioning process. The information
was feed back to the control system. The leaf trajectories were recorded in the laboratory frame of
reference and in the target frame of reference for analysis. Based on the leaf trajectories and the
target information, the fluence actually delivered to the target volume was calculated taking into
account the target displacements and the adapted leaf positions. As reference, the conventional
static dose delivery to static and moving tumor volumes were simulated.
5.1.2 Experiments: 160MLC TM Setups
The experiments were based on two different MLC models: a stand-alone version and an integrated
MLC mounted on an ARTISTE linac.
5.1.2.1 Stand-alone MLC
During the development phase and for mechanical tests, a stand-alone MLC system as shown
in Fig. 5.1 was employed. It consists of the MLC itself, the power supply and the upgraded
Siemens Collimator Control (SCC) unit (cf. chapter 4.4.1.1). For preliminary radiological mea-
surements, the entire setup could be moved as a second beam limiting device into the treatment
beam. The disadvantage of this setup is that the MLC is placed upside-down on its table at a
distance D=1250mm from the source instead of the normal source-to-collimator distance (SCD)
of 460mm. As a result, the MLC leaves are not focussed on the source leading to a tremendously
increased penumbra. Therefore no radiological quantification could be performed with this setup.
The SCC is linked to the DTTC unit which calculates the adapted leaf positions with the algo-
rithms presented in the previous chapter. In order to adapt the leaf positions in real-time, the
target information was imported via TCP/IP from different systems or simulated online based on
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Figure 5.1: Stand-alone 160MLCTM used during the development phase of the DTTC and to
perform first mechanical investigations. The system included the MLC, its power supply and the
Siemens Collimator Control Unit which is connected to the DTTC via TCP/IP.
a mathematical model similar to the setup used for simulations. The new leaf positions, which
compensate for target motion, are sent from the DTTC via TCP/IP to the SCC which processes
the commands and controls the leaves accordingly.
5.1.2.2 Integrated 160MLC TM
The final dosimetric measurements were performed with an ARTISTETM linac which has an in-
tegrated 160MLC TM as described in section 2.4.2.2. Since the dynamic leaf control for target
tracking with a MLC requires significant changes in the MLC control system, the incorpora-
tion of these modifications forbids the operatation of the device in clinical treatment mode as
the modifications are not certified for clinical practice. Therefore the employed linac (Siemens
ARTISTE M5166) had to be operated in an experimental mode. The research linac at DKFZ is
used only for research purposes allowing non-certified modifications of the control system. To as-
sess the tracking system, the original SCC was replaced by a modified SCC which enabled a direct
communication between the MLC and the DTTC. This setup, especially with the integrated 160
MLC, was used for the quantification of the radiological benefits of the tumor tracking algorithms.
To assess the effect of moving target volumes on clinically relevant dose distributions, different
phantoms were placed on the treatment couch in order to simulate moving target volumes and to
simulate a patient.
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(a) (b)
Figure 5.2: 2D phantom consisting of two plexiglass plates which move independently orthogonal
to each other. The motion pattern of each plate is a sinusoidal shape which can be varied in
amplitude, frequency and phase offset. (a) Photograph of the in-house 2D phantom. (b) Schematic
drawing of the design principles of the 2D phantom. The major movement of the target (red) is
induced by the shift of the bottom plate. The transversal motion is simulated by the motion of the
upper plate. Its rails are mounted on the lower plate thus the entire upper part (plate, rails, drive,
potentiometer) is moved along the major axis.
5.1.3 Phantoms
Two different phantoms were employed: a phantom for 2-dimensional motion and a lung phantom
simulating the 1-dimensional breathing-induced motion of a lung tumor.
5.1.3.1 2D Phantom
The 2D phantom shown in Fig. 5.2 was designed and produced in-house to allow a simple setup
for motion tracking with the 160MLC. It consists of two plexiglass plates moving on orthogonal
tracks. Each plate is moved by its own drive. By varying the voltage of the drives, the frequency
of the motion and the starting phase can be modified. Along the major axis, the amplitude is
variable between 10 and 100mm while the second direction has a fixed amplitude of 10mm. The
position of each plate is measured with a linear potentiometer. The position is determined with
an analog-to-digital converter (iM-AD25a1) and provided via TCP/IP to the DTTC. The target
detection interval was set for all measurements to 100ms analogous to the update interval of the
Calypso
R©
system (cf. chapter 3.2.4).
1BMC Messsysteme, Maisach, Germany
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(a) (b)
Figure 5.3: Lung phantom consisting of numerous slabs made of tissue and lung equivalent
materials. The phantom moves only in one direction with a fixed amplitude, but with varying
frequency and starting phase. Based on the selected disk which is rotated by a drive and coupled to
the phantom body, either a sinusoidal or a cos4(t) motion pattern is enforced. (a) Photograph of
the in-house lung phantom placed on the treatment couch. (b) Photograph of a phantom slab. The
tissue (white) and lung (red) equivalent materials can be clearly differentiated. The lung tumor
(white insert) is located in the right lung. A radiochromic film (blue) has been fixed to the slap to
record the dose delivered during one treatment fraction.
The phantom allows different measuring methods. By placing high contrast materials on the
phantom, the motion of the target volume and the adapted motion of the leaves and thus the
resulting radiation field can be recorded with a flat panel amorphous silicon detector normally
used as an electronic portal imaging device (EPID). With this method, one can visualize the
motion of the target and the adaptation of the radiation field simultaneously. In order to assess
the quality of the tracking algorithms, radiochromic films are employed. These are either directly
attached to the phantom or placed between disks made of water equivalent build-up material. In
this way, either the fluence distributions or the dose delivered to the moving target are measurable.
5.1.3.2 Lung Phantom
The lung phantom (Fig. 5.3) is used for radiological measurements and represents the chest of
a patient with a lung tumor. It was designed and produced in-house and its slabs are made
of tissue and lung equivalent material. The slices are 10mm thick so that radiochromic films
can be placed at discrete intervals. In the central slices, a lung tumor is inserted as shown
in Fig. 5.3 (b). The phantom is moved along the cranio-caudal direction. It is moved by the
rotation of an exchangeable disk which is linked to the phantom. Different disk shapes lead to
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a sinusoidal or cos4(t)-shaped motion pattern. All measurements were performed employing the
latter option as proposed by Lujan et al. (1999). The disks define a fixed amplitude, but the
frequency and the starting phase of the motion are adjustable in order to simulate differences in
the movement. Analogous to the 2D phantom, the shift of the lung phantom is detected with a
linear potentiometer. The position is reported to the DTTC unit in real-time by an analog-to-
digital converter at a predefined rate of 10Hz.
5.1.4 Measurement Evaluation
Most measurements are based on radiochromic films in order to be able to quantify the dosimetric
benefits of the assessed algorithms. During dose delivery, the entire information provided to the
DTTC (target motion, leaf positions) was recorded in order to allow the exact evaluation of the
MLC performance retrospectively. In addition, the leaf positions were monitored with an imaging
detector.
Radiochromic Films In order to assess the radiological benefits of the tracking algorithms,
radiochromic films, e.g. GAFCHROMIC
R©
EBT2, were fixed on the 2D phantom and between the
slabs of the lung phantom. The films were scanned and evaluated using VeriSoft 3.23. In order
to compare two dose distributions, the gamma index was calculated. It gives the percentage of
positions which agree within a defined percentage dose interval and within a defined distance. The
defining criterion can be, for example, 2% and 2mm. In order to focus on the agreement of the
relevant modulated dose distribution and not the surrounding spared region a cut-off threshold
is defined. Below this value, the positions are not considered in the evaluation. Otherwise, the
size of the investigated region-of-interest would affect on the percentage of positions passing the
criteria. For the evaluations performed, the threshold was set to 10% of the maximum dose.
Online Leaf Monitoring The motion of the target and the leaf positions defining the field
contour were monitored with an amorphous silicon imaging detector. This enabled the direct
visual control of the performance. In addition, movies were made from the recorded frames with
the help of MATLAB4.
5.2 Real-time Tumor Tracking for Synchronized Dynamic IMRT
This section contains the simulated and measured results acquired with the synchronized dynamic
IMRT algorithm compensating for target motion and deformation which has been described in
chapter 4.1. First, simulations with an analytical target model are presented. The second part
describes the measurements performed with the 160MLC.
2International Specialty Products, Wayne, NJ, USA
3PTW, Freiburg, Germany
4The Mathworks, Natick, MA, USA
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5.2.1 Simulations
To model the real-time workflow, the sequencing algorithm was provided with the current target
information. The control cycle length was assumed to be 0.4MU, i.e. 120ms if a dose rate of
200MUmin−1 is chosen. The target motion and deformation used for the simulation is described
by modeling the movement of the target edges. The motion of the right tumor sides TR and
the left trailing sides TL are based on different analytical models containing random variables
πk,m ∈ [0, 0.02] in order to modulate irregularities in the target motion. This perturbation corre-
sponds to 5% of the control step width of 0.4MU. The motion of the target sides for each time
m is described by
TR(m) = L+ 0.1L cos(ω(m+ π1,m + φ))− cos(0.5ω(m+ π2,m + φ))
TL(m) = −0.4 + 0.05L cos(ω(m+ π3,m + φ))− cos(0.5ω(m + π4,m + φ)) (5.1)
with the target width L assumed during the treatment planning phase, ω the frequency of the
motion and φ an arbitrary phase off-set. For the example discussed here, the parameters are set
to L=40mm, ω=0.4 and φ=15.
The maximum leaf speed is assumed to be 10mm/MU. In order to take future target motion
into account, the velocity of the leading leaf is restricted by c=0.6 for the delivery. Only in
the optimization phase, the trailing leaf is restricted to c× vmax =6mm/MU as well. For the
delivery, the following leaf can make use of the full maximum physical leaf speed in order to
compensate for the expected yet (at the optimization phase) unknown target motion.
Fig. 5.4 illustrates the results of the dynamic IMRT delivery taking into account the motion
and deformation of the target volume. (a) and (b) show the standard dynamic IMRT delivery
optimized and adapted to changes of the tumor volume. (a) contains the leaf trajectories in
the laboratory frame clearly indicating the motion compensation. On the other hand, (b) shows
the same trajectories transferred to the target frame of reference. However, the leaves are not
synchronized, thus leading to the tongue-and-groove effect. As an example, a position where this
underdosage will occur is indicated. The total delivery time is approximately 46.2MU.
In order to account for the tongue-and-groove effect, the leaves have to be synchronized in a
dynamic IMRT delivery. The corresponding results based on the target tracking algorithm pre-
sented in chapter 4.1 are shown in Fig. 5.4 (c) and (d). The target specifications are identical to
the simulations shown in Fig. 5.4 (a) and (b). The leaves are now synchronized with respect to
the common mid-time trajectory which is marked red in (d). The delivery time is increased by
approximately 29% to 59.7MU. For each position x on the target, the leaf pair corresponding to
the highest fluence to be delivered has to open first with its leading leaf and close last with the
trailing leaf. This is clearly distinguishable at the center of the target where leaf pair # 3 (purple)
arrives first and leaves last, followed successively by the leaf pairs # 2 (green), # 1 (blue) and last
#4 (light blue). It is important to remark that the leaves are not synchronized transversally with
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Figure 5.4: Simulated leaf trajectories for a real-time optimized dynamic IMRT delivery to a
moving target with and without synchronization. The leaf trajectories of four leaf pairs (1: blue,
2: green, 3: purple, 4: light blue) in the left column (a, c) in the laboratory frame and in (b,
d) transferred to the target frame of reference. The target motion and deformation is described
by the tumor boundaries shown in black. The velocities of the leading leaves (dashed lines) are
restricted to c× vmax. The following leaves (dotted lines) use the full physical speed vmax to be able
to compensate for a priori unknown target motion. Fig. (a) and (b) shown the delivery without
synchronization. As a result, the tongue-and-groove effect occurs at positions on the target where
neighboring leaves deliver their dose at different times. An example is marked in Fig. (b). Fig. (c)
and (d) show the same example, but instead with the synchronized leaves to eliminate the tongue-
and-groove effect. The synchronization is determined with the help of the mid-time trajectory
plotted in red in Fig. (d). Since at each position, the mid-time trajectory with the smallest slope
has to be chosen, the total delivery time is elongated by 29%.
respect to time. Therefore, at a certain time, e.g. 10MU, the leaf tip distance of adjacent leaves is
not necessarily minimized. This would be necessary in order to be able to optimally compensate
for transversal motion as well.
For the minimization of the delivery time, the leaf velocities have to be maximized. Fig. 5.5 shows
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Figure 5.5: Simulated velocities of one leaf pair and the target edges for the example shown
in Fig. 5.4. The velocity of the leading leaf (red) is restricted to c× vmax in order to allow a
safety margin for unknown future target motion. The following leaf (green) is restricted by phys-
ical contraints to vmax. The correlation of the leaf velocities with the target motion is clearly
distinguishable. At the beginning, the left target edge (blue) determines significantly the leaf mo-
tion. Towards the end of the sequence, the leaf velocities correlate more with the right target edge
(black).
the optimized velocities of the first leaf pair. The leaves have to compensate for the target motion
most of the time. Therefore, the leaf velocities correlate mainly with the velocity of the left target
edge at the beginning. On the other hand, the right target edge determines the velocities at the
end of the sequence. In addition, the restriction of the leading leaf velocity to c× vmax can be
observed clearly. However, the trailing leaf can, if necessary, use the full physical speed vmax in
order to compensate for target motion. In the case of exceptionally fast target motion, especially
at positions where the trailing leaf has been the defining velocity during the optimization, the
safety margin c might be insufficient and an overdose to the respective target part can occur. The
restrictive constant can be decreased further to prevent these errors. However, this would lead
in turn to an additional increase of the overall delivery time. On the other hand, underdosage is
almost entirely avoidable since the trailing leaves can simply be slowed down. Although they can
precisely define the actually delivered dose by covering again a position after the required interval
I(x) corresponding to the intensity to be delivered, small deviations can still occur due to the
unpredictability of the target motion and the finite control step length.
5.2.2 Experiments
In order to assess the synchronized dynamic IMRT algorithm, it was implemented in the DTTC
and the real-time tumor tracking was enabled for the delivery of a clinical IMRT field. To
simulate the moving target volume and to monitor the delivered dose, the 2D phantom was used.
However, only the x-motion along the leaf travel direction was activated (amplitude A=20mm,
τ =7.5 s). Fig. 5.6 shows the measured dose distributions for the dynamic IMRT delivery to a
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(a) (b)
(c)
Figure 5.6: Measured dose distribution of a synchronized IMRT delivery to a moving target with
and without real-time target tracking. (a) Intensity-modulated reference field delivered to a static
target using the synchronized dynamic leaf sweep algorithm. (b) The same delivery as shown in (a)
except that the target moves sinusoidally with an amplitude of 20mm in the x-direction (parallel
to the leaves), but no target tracking is employed. As a result, the dose distribution is blurred. (c)
Synchronized IMRT delivery with real-time tumor tracking of the moving target. By employing the
newly developed synchronized target tracking algorithm, a distribution similar to the static case
can be achieved without any tongue-and-groove effect.
static target (a), the dynamic delivery to a moving target but without target motion compensation
(b), and the dynamic delivery in combination with the tumor tracking feature (c). Since all setups
employed the mid-time synchronization, no tongue-and-groove effect is observed. As expected, the
dose distribution without tumor tracking is significantly blurred deteriorating the planned dose
modulation. If the target tracking is enabled, the modulation of the delivered dose distribution
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(a) (b)
Figure 5.7: Gamma index plot describing the agreement of the synchronized dynamic IMRT
delivery with and without target tracking to the original static delivery. If the dose levels match
within 2% and 2mm, the position are labeled green. Otherwise, if the discrepancy is too large and
the position failed the criterion, it is marked red. Only positions where the reference dose was
more than 10% of the maximum dose level are considered. (a) Without the compensation of the
tumor motion, only 27.04% pass the 2%/ 2mm criterion. (b) If the target motion is compensated
for, the ratio increases to 59.97%.
Table 5.1: Gamma index for the measurements of synchronized dynamic IMRT. The table
presents the percenage of the positions passing the gamma index criteria.
Tracking mode 1%/ 1mm 2%/ 2mm 3%/ 3mm
[%] [%] [%]
none 14.49 27.04 36.24
activated 31.62 59.97 76.80
can be partially restored despite the motion of the target volume. The gamma index indicates an
agreement of 76.8% within 3%/3mm. Without tumor tracking, only a 36.2% of the positions
match this criterion. If a stricter criterion is chosen (2%/ 2mm), the ratios decrease to 59.97%
and 27.04%, respectively, as illustrated in Fig. 5.7.
A serious problem faced during the synchronized delivery is posed by the steep fluence gradients.
The algorithm employs the gradient of the intensity profiles for the optimization of the leaf ve-
locities. For the investigated IMRT field, the planned dose distribution is based on step-functions
having infinite dose gradients. For the delivery to a static target, this does not affect the delivery
precision, because the leaves simply are positioned at the edges of each step. However, in the case
of target tracking, the leaves overshoot the planned positions on the tumor when target motion is
encountered which differs from its (linear) prediction. In the current version of the implemented
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algorithm, the time when a position in the target frame of reference is reached first by the leading
leaf determines the time when the following leaf has to reach the position. If, in the meantime,
the error of the leading leaf has been corrected by shifting its position back again, this is not
considered for the calculation of the following leaf. Therefore, an underdosage can occur because
positioning errors of the leading leaf are not completely taken into account. According to the
theoretical optimization approach, the algorithm does not allow the trailing leaves to move back
in the target frame of reference as well to compensate for these underdosage effects. Therefore,
the delivery is not as good as expected. To improve the capabilities of the synchronized target
tracking algorithm, a more sophisticated target prediction model is required in combination with
a modification allowing the trailing leaves to retract in the target frame of reference again to
compensate for underdosage errors.
5.3 Tracking of 2-Dimensional Motion
The tracking of 2-dimensional motion was assessed with different setups. The basic principles of
the algorithms (cf. chapter 4.2) were first evaluated with simulations. Here, the impact of the
different tracking modes (exterior, interior, percentage) and the sparing of an adjacent OAR were
investigated. The radiological assessment was split in several parts each focussing on a different
task. First, a 50× 50mm2 was adapted to the target motion. By varying the amplitude, the
major direction, and the frequency of the motion, the robustness of the algorithms was tested. In
addition, the radiological effect of the different tracking modes was quantified. In the second setup,
a clinical step-and-shoot IMRT beam was delivered with and without tumor motion compensation.
Finally, an entire treatment fraction for the tumor in the lung phantom was carried out and the
actual dose distributions were measured at different positions in the phantom.
5.3.1 Simulations
In order to evaluate the feasibility of the 2-dimensional tracking approaches, simulations with
different tumor motions were performed. The results shown in this section are based on the
simulation of a lung tumor moving on an elliptical trajectory (frequency: 0.25Hz, amplitude
longitudinal: 20mm, lateral: 5mm). The results are illustrated in Fig. 5.8 showing the difference
of the delivered and the planned fluence distributions in the target frame of reference. In the
worst case, when no target tracking is applied (c), a totally blurred fluence distribution is observed
although some artifacts due to the target movement are averaged out over the motion cycles. On
the other hand, a good agreement of the planned and the delivered fluence is achieved when the
real-time target tracking is activated. In the case of interior tracking (a), the entire surrounding
tissue is well spared, but the borders and edges of the target receive less dose than prescribed.
If the exterior tracking mode is employed (b), the adjacent healthy tissue suffers an overdosage
especially in regions surrounded by the target.
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Figure 5.8: Difference maps of simulated fluence distributions delivered to a lung tumor (black
contour) moving and slightly deforming in two dimensions. The sinusoidal motion has an x-
amplitude of 20mm and a y-amplitude of 8mm. The upper row shows the improvement in the
difference of the fluence distributions if the new tumor tracking algorithm is employed. The de-
viations are due to the finite resolution (5mm) of the leaves. (a) The field was defined with the
interior mode, sparing all surrounding tissue. However, the target edges are underdosed. (b) Tu-
mor tracking with the exterior mode. The target is homogeneously covered, but the adjacent tissue
is partially irradiated as well. (c) Difference in fluence delivered to the target volume if no tu-
mor tracking was employed. The fluence distribution is completely blurred leading to a significant
underdosage of the target and an irradiation of the surrounding healthy tissue.
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Figure 5.9: Difference maps of simulated fluence distributions delivered to a lung tumor (black
contour) as described in Fig. 5.8. In order to reduce the effect of the finite leaf width, the target
is tracked with the variable mode. (a) A 50% trade-off between the surrounding tissue and the
tumor volume is chosen. Only the edges deviate from the planned fluence distributions. (b) If an
adjacent organ-at-risk has to be spared, a reduced coverage of the target volume (here of the right
target edge) is the effect. This example corresponds to the simulated setup shown in the snapshot
in Fig. 4.5.
The best conformity is achieved with the variable tracking mode shown in Fig. 5.9 (a). The
percentage trade-off between underdosage and overdosage effects, each weighed with 50%, shows
a good agreement. The deviations observed are mainly due to the finite leaf width which requires
a trade-off for the accuracy of the delivery. The example is extended by an adjacent OAR (b)
which has to be spared completely. A snapshot of this delivery has been presented in Fig. 4.5.
The resulting fluence distribution is similar to the one shown in (a) except that in parts of the
target which sometimes overlap with the OAR only a reduced fluence is achieved. The OAR does
not receive any fluence at all as requested.
5.3.2 Experiments
As mentioned above, the 2-dimensional tracking method was investigated employing three dif-
ferent setups: a square field, a step-and-shoot IMRT beam, and a complete IMRT lung tumor
treatment.
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(a) (b)
(c)
Figure 5.10: Measured dose distributions for a single 50× 50mm2 field delivered to a target
moving in 2 directions. (a) Reference field based on the delivery to a static target. The spikes
at the field sides occur due to leaf tip leakage of the adjacent leaves which are not covered by the
back-up jaws. The amplitude of the sinusoidal motion is 40mm in x-direction and 10mm in y-
direction. (b) The square field is entirely blurred if one does not account for the target motion. (c)
The motion is compensated for by adapting the leaf positions in real-time with the new sequencer.
The motion was compensated for with the variable tracking mode. Therefore, the field sides deviate
slightly.
5.3.2.1 Tracking with a Conformal Field
The first measurements were performed using the 2D phantom and a conformal square field
(50× 50mm2). The amplitude of the motion of the main axis was varied between 20mm and
40mm and the frequency between 0.125Hz and 0.25Hz. Along the orthogonal direction, the
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Table 5.2: Gamma index for the measurements performed with the quadratic 50× 50mm2 field.
The gamma index gives the percentage of positions which agree within a defined percentage interval
and within a defined distance. The impact of the motion parameters and the employed tumor
tracking method is listed.
Target motion Amplitude Period Tracking mode 1%/ 1mm 2%/ 2mm 3%/ 3mm
[mm] [s] [%] [%] [%]
x-y-direction 40 8 none 10.37 19.46 29.62
x-y-direction 40 8 variable 70.83 93.94 97.62
y-direction 40 8 variable 66.70 93.43 99.19
x-direction 40 8 variable 75.84 95.88 97.60
x-direction 40 4 variable 57.37 86.99 94.67
x-y-direction 20 4.5 none 31.18 44.19 53.74
x-y-direction 20 4.5 exterior 56.82 80.31 88.93
x-y-direction 20 4.5 interior 46.70 68.64 81.85
x-y-direction 20 4.5 variable 57.91 85.74 95.47
amplitude is 10mm and the frequency ranges from 0.1 Hz to 0.2Hz. As shown in Fig. 5.10, a
good agreement of the planned dose distribution (a) and the one delivered to a moving target can
be achieved by employing the target tracking algorithm (c). (b) shows the delivery of a static
field to the moving target. As expected, the conformity of the planned with the treated area is
degraded.
The experiments brought up a new issue encountered if 2-dimensional motion is considered. In
order to compensate for lateral motion, the adjacent leaves have to be opened. Therefore, no back-
up jaws are used for the adjacent leaves and thus the leaf tip leakage of the adjacent closed leaf
pairs comes into play. As a consequence, the leakage decreases significantly for off-axis positions.
However, at the isocenter, earlier experiments indicated a leaf tip leakage of 13.5% (Tacke et al.,
2008). For the current experiments, five adjacent leaf pairs are closed at the center of the last open
leaf pair on each side. As shown in Fig. 5.10 (a), this results in a dose peak at the center of the field
sides. The observed peaks reach up to more than 50%. This indicates that the research MLC was
not calibrated properly. If the leaves have to be moved dynamically during the treatment in order
to compensate for target motion, the gap between the opposing leaves might even increase, given
that the retracting leaf is faster than the trailing leaf. But, on the other hand, the small prediction
error induced by the linear filter tends to average out the effect slightly (Fig. 5.10 c). In addition,
the number of adjacent leaf pairs has to be reduced. One possibility would be to only close one
adjacent leaf pair at the center of the field side. The next leaves move to positions interpolated
between the adjacent leaf pair and the maximum admissible off-axis closing position where all
unused leaves are parked. The off-axis positions then have a significantly reduced interleaf leakage
and, if target motion occurs, the variation of the interpolated positions blurs the dose in addition.
In this way, the effect can be reduced significantly.
Table 5.2 lists the gamma index of the different setups. For the 2%/ 2mm criterion, the agreement
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Figure 5.11: Measured dose profiles of the 50× 50 mm2 field shown in Fig. 5.10 for different
target velocities. The ‘breathing’ cycle length was set to either 4 s or 8 s. The slow motion (red) is
very well compensated for compared to the static case (black). The fast motion (green) compen-
sates for the majority of the motion. The accuracy of the tracking algorithm is slightly reduced.
However, the tracking technique is better able to restore for both cases the conformity compared
to the delivery without the automatic compensation of target motion (blue).
Table 5.3: Target coverage with a 50× 50mm2 field for the different tracking modes according
to the gamma index. The region of interest is set to the planned field dimension and the gamma
index calculated.
Target motion Amplitude Period Tracking mode Target coverage
[mm] [s] [%]
x-y-direction 20 4.5 none 67.03
x-y-direction 20 4.5 interior 76.34
x-y-direction 20 4.5 variable 93.19
x-y-direction 20 4.5 exterior 96.53
of the field is increased from below 20% to more than 93%. The low conformity of the blurred
distribution is mainly due to the fact that the amplitude of the motion (40mm) equals almost
the width of the field (50mm). But even if the amplitude of the target is set to 20mm, only
approximately 44% of the positions match the reference field. In order to set the focus on the
target volume, the region-of-interest is selected according to the square field extents. As expected,
the best coverage is achieved with the exterior tracking mode (96.53%) which always includes the
entire target volume when the leaf positions are defined. It is followed by the variable tracking
mode (93.19%) and the interior mode (76.34%). The latter is the tracking mode with the least
coverage because the surrounding tissue has to be spared.
In order to estimate the effect of the system delay and the performance of the linear filter, a
longitudinal profile through the center of the field is evaluated (Fig. 5.11). The amplitude of the
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(a) (b)
(c) (d)
Figure 5.12: Impact of the selected tracking mode on the measured dose distributions for a single
50× 50mm2 field. The setup employed for this measurement corresponds to the one presented in
Fig. 5.10 except that the motion amplitude along the major axis was reduced to 20mm. (a)
Impact of the (reduced) target motion on the fluence distribution if no target tracking technique
is applied. (b) The target motion is compensated using the variable tracking method. The fluence
distributions basically matches the planned distribution except that the field sides parallel to the
leaves are altered due to the finite leaf width. Conversely, the field sides orthogonal to the leaves
are defined by the adjusted leaf tip positions which are not limited in the resolution. (c) The leaf
positions are adapted in the interior mode reducing the field width slightly. (d) On the other hand,
the use of the exterior mode increases the field orthogonal to the direction of leaf motion.
motion is reduced from 40mm to 20mm and at the same time the length of a breathing cycle is
reduced to the half (8 s to 4 s). With this variation, the maximal target velocity is not changed,
but its maximal acceleration is doubled. As a result, the dose profile is slightly broadened. The
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Figure 5.13: Leaf trajectories of the measurements with the 50× 50mm2 field shown in Fig. 5.10.
The target motion is compensated in real-time using the variable mode. The right leaves are
illustrated in solid lines, while the left leaves on the other hand are shown as dotted lines. Each
leaf pair has its own color. The leaves move continuously to adapt to the target motion shown
in black. To compensate for the lateral motion, the adjacent leaf pairs have to be retracted while
the pairs on the opposite side have to be closed. If, for example, the target moves in the positive
direction (at t=64 s), the green leaf pair has to open while on the other side the yellow leaf pair
has to be closed. If the target moves further, the red leaf pair opens while the light blue one has
to be closed. If the target moves back again, the leaf pairs have to be controlled vice versa.
respective value of the gamma index decreases from 93.9% to 85.7% indicating the need of an
advanced prediction filter. However, a good agreement of the dose distributions is still achieved.
For the reduced amplitude of 20mm (parallel to the leaf direction), the impact of the selected
tracking mode was investigated. The respective dose distributions are shown Fig. 5.12. As
expected, conformity of the dose distribution is not achievable without tracking (a). The impact
of the selected mode can be clearly distinguished. While the exterior mode (c) includes a large
fraction of the healthy tissue at the sides of the radiation field, the interior mode (d) does not
completely cover the planned target volume. The best agreement with the static dose distribution
is achieved with the variable tracking mode (b). The gamma index clearly marks the variable
as best mode for this case. The agreement for the 2%/ 2mm criterion is 85.7% for the variable
mode. It decreases to 80.3% and 68.6% for the exterior and the interior mode. This is still better
than the value of 44.2% achieved without tracking. For the 3%/3mm criterion the percentage
increases from 53.7% to 88.9% and 81.8% respectively. With the variable mode, it rises even up
to more than 95%.
The variable tracking mode has an additional advantage concerning the compensation of lateral
motion. In the case of a rectangular field, the leaf pairs are all either opened or closed. In the case
of exterior and interior tracking, this means that the leaves have to instantly open or close if a
lateral shift occurs. With the variable tracking mode, a leaf pair does not have to move the entire
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width at once. Instead, the leaves are first only partially retracted or extended by the amount
corresponding to the percentage of the shift. The leaf motion is therefore much smoother and less
prone to lateral movements of the target. To illustrate this effect, the leaf trajectories and the
position of the target edges are shown in Fig. 5.13. Since the width of the planned volume is an
exact multiple of the leaf width, a lateral shift to one direction requires the adjacent leaf pair on
the side to open accordingly. At the same time, the last opened leaf pair on the other side of the
field has to close its position respectively.
The results indicate that the best agreement of the dose distributions can be achieved with the
variable tracking mode. In addition, the variable tracking mode allows the smoothest reaction
to lateral motion. It is preferable to the exterior and the interior mode with respect to the
requirements of leaf acceleration and deceleration. For this reason, the experiments presented in
the next sections (step-and-shoot IMRT, lung tumor) are performed in the variable tracking mode
using a 50% trade-off between the target volume and the surrounding tissue.
5.3.2.2 Tracking for Step-and-Shoot IMRT
To evaluate the radiological benefits of the real-time tumor tracking algorithms, a clinically derived
IMRT plan was delivered to the 2D phantom. The resulting dose distributions are shown in
Fig. 5.14 for three different setups. While (a) represents the reference dose distribution of the
step-and-shoot IMRT delivered to the static target, in (b) and (c) the target was moving in two
dimensions: parallel and orthogonal to the leaf direction. If the target motion was not correctly
accounted for, the modulation of the field is entirely blurred (b). With the use of the 2D tumor
tracking algorithm, the target motion is compensated for and the dose distribution is only modified
at the corners due to the finite resolution of the leaves. The gamma index indicates an increase in
the positions, where the dose matches within 2%/ 2mm, from 18.7% to 76.7% if target tracking
is employed. As listed in Table 5.4, the index rises from 26.6% to more than 90%, respectively,
if the criterion is extended to 3%/3mm.
The leaf tip leakage of the adjacent leaves is very pronounced for the square field investigated
in the section before. However, for the IMRT example, this effect is not observed. This is due
Table 5.4: Gamma index for the measurements of the step-and-shoot IMRT. The table presents
the impact of the direction of the motion and the resulting effect due to the finite leaf width.
Target motion Tracking mode 1%/ 1mm 2%/ 2mm 3%/ 3mm
[%] [%] [%]
x-y-direction none 9.53 18.75 26.62
x-direction variable 78.98 95.04 98.22
y-direction variable 56.77 85.95 95.33
x-y-direction variable 47.17 76.79 90.05
74
5.3. TRACKING OF 2-DIMENSIONAL MOTION
(a) (b)
(c)
Figure 5.14: Measured dose distributions for a step-and-shoot IMRT delivery. Each subfield was
irradiated separately and adapted in real-time to the target motion. (a) The modulated reference
distribution as delivered to a static target via treatment console. (b) The same distribution is
delivered to a moving target. The dose distribution does not agree anymore. (c) Using the real-
time target tracking system, the original modulation of the dose distribution is almost achieved.
However, the edges of subfields are blurred and therefore the edges are not well defined anymore.
This is inevitable due to the finite leaf width.
to several reasons. The IMRT field is modulated by the superposition of several subfields and
therefore the adjacent leaf pairs were closed at different positions according to the sides of each
subfield. Furthermore, the different subfields were not located at the exact center of the beam
where the maximum interleaf leakage occurs, but varied to positions off-axis. It can be expected
that for this kind of IMRT fluence patterns the leaf tip leakage is blurred accordingly and thus
is negligible. However, a more differentiated determination of the closing position of the adjacent
leaves is necessary and needs to be included for general purposes.
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(a) (b)
Figure 5.15: Gamma index plot describing the agreement of the IMRT delivery with and without
target tracking with the original static delivery. The setup is the same as employed in Fig. 5.14.
If the dose levels match within 2% and 2mm, the position passed (green) the test. Otherwise, if
the discrepancy is too large, the position is marked red. Only positions where the reference dose
was more than 10% of the maximum dose level are considered. (a) Without the compensation of
the tumor motion, only 18.75% pass the 2%/ 2mm criterion. (b) If the target motion is taken
into account and the field is adapted online accordingly, the ratio increases to 76.79%.
The corresponding gamma index is shown as a map in Fig. 5.15 for the delivery with and without
the correction for the 2-dimensional motion. The positions which pass the criterion are marked
green, while the positions which failed are printed in red.
To evaluate the impact of the motion direction on the tracking quality, a detailed investigation was
performed with the target moving only in x-direction, only in y-direction and in both directions.
A comparison of the resulting isodose levels to the static reference distribution is presented in
Fig. 5.16. If the target motion occurs only in the x-direction, the leaf tips can be placed in order to
compensate for the motion as good as the prediction filter allows to. 95% of the positions receive
the same dose (within 2%/ 2mm) as the static reference dose distribution. For the extreme
criterion of 1%/1mm, the agreement is still almost 80%. If the motion occurs instead in the
y-direction, a significant factor is the finite leaf width of 5mm which is more than twice the
distance allowed by the 2mm criterion. As a result, the gamma index decreases to 85.9%. If the
stricter constraints of 1%/1mm is used, the agreement even drops to 56.7%. In the worst case,
the target moves in the x- and in the y-direction. The gamma index decreases further to 76.7%
and 47.1%, respectively. However, this is still significantly better than with no target tracking at
all, where only 18.75% pass the criterion.
In order to demonstrate that IMRT delivery has to take intrafractional target motion into account,
Fig. 5.17 shows four dose profiles, two along the x- and two along the y-direction. The modulation
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(a) (b)
(c)
Figure 5.16: Isodose levels of the step-and-shoot IMRT plan shown in Fig. 5.14. Here, the target
motion is restricted to one direction in order to investigate the impact on the tracking quality.
As a reference, the static delivery is shown in solid isodose lines. The dose distributions achieved
with the variable tracking mode compensating for the target motion are shown in dashed lines. (a)
Motion parallel to the leaves (x-direction). The dose distributions agree very well for the original
and the tracking case. (b) Target motion in y-direction. The dose distribution achieved with the
variable tracking method ressembles the original. However, the sides of the subfields are not well
defined anymore. Due to the finite leaf width, this is inevitable. (c) 2-dimensional target motion
can be principally compensated for. However, the details of the modulated field are partially blurred
as already observed in (b) due to the leaf width.
of the field is either significantly reduced or even entirely removed, if the target is not tracked in
real-time. The graphs additionally illustrate the dose distributions achieved with the automatic
adaptation of the leaf positions for different prevailing target motions (x-, y-, x-/y-motion). If
the target tracking algorithm is employed, the profiles principially match the reference profiles.
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Figure 5.17: Dose profiles of the step-and-shoot IMRT delivery shown in Fig. 5.14. (a) and
(b) show profiles orthogonal to the leaf travel direction. (c) and (d) show profiles along the leaf
travel direction which corresponds to the major axis of the target motion. The dose profiles to
a static target are drawn in black. If no real-time tracking is applied, the red profiles described
the resulting dose distributions in the moving target volume. In order to compensate for the 2-
dimensional motion, the variable tracking method is applied. The resulting dose distributions are
illustrated in light blue. The agreement of the dose profiles increases further, if the target motion
is restricted to either motion along the x-axis (green) or the y-axis (purple).
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The illustration of the profiles implies in addition that the gamma index method is not always the
best choice to compare two dose distributions. The conformity achieved with the target tracking
method is remarkably better than the gamma index calculated for the 2%/ 2mm criterion (76.7%)
indicates. Minor variations in the reference dose profiles can already cause a position to fail the test
although the overall agreement is in fact restored with the help of the target tracking approach.
5.3.2.3 Tracking of a Lung Tumor
The third setup to investigate the 2D tracking algorithms is a clinical phantom study. For this
purpose, a lung phantom with a tumor insert was treated conventionally via the console. First,
the treatment fraction was delivered to the static phantom parked in the exhale phase as assumed
during treatment planning. The second measurement was the exact same static delivery except
that the phantom was moving along the y-direction by up to 24mm in a cos4-shaped motion pat-
tern with a simulated breathing cycle length of approximately 6 s. The third set of measurements
delivered the same treatment fraction to the moving phantom but employed the new tracking
algorithms (variable mode, 50% trade-off) to compensate for the target motion. Since the main
axis of the tumor motion was along the y-direction, the collimator was rotated by 90◦.
For each setup, four films were inserted into the phantom at the following distances from the
isocenter:
# 1: - 28mm: within the tumor, 5mm from its upper end
#2: + 2mm: central section of the tumor
#3: + 22mm: within the tumor
#4: + 42mm: 5mm below the lower end of the tumor in the healthy lung
Table 5.5: Gamma index for the measurements of the treatment with the lung phantom. The
table lists the percentage of positions that passed the gamma test demonstrating the benefit of the
tumor tracking method. The positions on the target investigated include: 1. upper end of the
tumor; 2. - 3. central slices; 4. adjacent position below the target.
Target Position Tracking mode 1%/1mm 2%/2mm 3%/3mm
Slice # [%] [%] [%]
1 inside, upper end none 0.06 0.90 2.44
1 inside, upper end variable 64.98 93.97 98.34
2 center none 34.26 76.17 91.49
2 center variable 51.37 80.85 92.63
3 center none 36.00 53.43 67.90
3 center variable 64.39 89.70 96.25
4 outside, lower end none 1.40 2.88 4.68
4 outside, lower end variable 1.87* 4.64* 8.36*
*A detailed explanation for these values is given in the text.
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(a) (b)
Figure 5.18: Isodose levels of the step-and-shoot IMRT delivery to the lung phantom as shown
in Fig. 5.19. The dose was measured at the center of the target volume at position #2. The
dose levels are the same as illustrated in Fig. 5.16 (a) Isodose levels resulting for a moving target
without tumor tracking (dashed lines). (b) The treatment beam was adapted in real-time to the
target motion. Additionally, the delivered dose for the static case is shown as a reference (solid
lines).
As shown in Fig. 5.18, the dose distribution at position #3 within the target volume is similar
for all three setups. The gamma index (which describes the overall performance) indicates an
agreement of 76.1% without target tracking and 80.8% with target tracking for 2%/ 2mm for
the respective position within the target. The complete overview of the gamma index for all
positions and the different criteria is given in Table 5.5.
The dose distribution measured at the second position which is also located close to the center
of the target volume, is illustrated in Fig. 5.19. Interplay effects are observed for the case of
standard delivery to the moving target when the target tracking algorithm is not used. In the
center of the target, hot spots occur as described in chapter 3.2.6. The conformity of the dose
distributions delivered to the moving target is significantly improved by employing the tumor
tracking technique. The gamma index rises from 53.4% to 89.7%.
If the dose at the upper end of the target is examined, the motion effects are clearly visible.
The distributions measured at position #1 are presented in Fig. 5.20. Due to the simulated,
breathing-induced motion, the target moves upwards out of the focus of the treatment beam.
The upper part of the target therefore is not covered at all properly. The gamma index shows
less than 1% agreement. With the help of the target tracking algorithm, the tumor coverage is
restored achieving a gamma index of almost 94% for the 2%/ 2mm criterion (Table 5.5).
Fig. 5.21 shows the dose distributions measured at the position right below the tumor outside
of the target volume which was planned not to receive much dose (position #4). Due to the
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(a) (b)
(c)
Figure 5.19: Measured dose distributions for an IMRT treatment of a lung tumor (position #3).
The step-and-shoot IMRT delivery was clinically planned for the exhale phase. The dose to the
lung phantom is recorded at four positions. In this figure, a central slice (# 3) is investigated. (a)
Reference dose distribution as planned for the static target volume. (b) Actually to the moving
target delivered dose distribution. In the center of the target, hot spots occur. (c) Dose distribution
if the target motion is monitored and taken into account in real-time. If the motion is compensated
for, the actual dose distribution agrees with the planned distribution.
motion, the position is shifted towards the focus of the beam and the tissue is, as expected,
irradiated significantly if the tracking approach is not applied. If the tumor tracking algorithm is
employed, the dose in the healthy tissue is reduced. Since the linear prediction filter only partially
corrects for the system delay, the dose is increased as well. However, it is not as severe as for
the conventional delivery, but enough to fail at most positions the gamma index criteria. This
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(a) (b)
(c)
Figure 5.20: Measured dose distributions for an IMRT treatment of a lung tumor. These figures
correspond to the position at the upper target edge (position #1). (a) Reference dose distribution
delivered as planned to the static target volume. (b) Actual dose delivered to the moving target.
The dose delivery performed is the same as in (a) except that the target volume is moving. Since
the target motion shifts this position out of the treatment beam focus, a significant underdosage is
observed. (c) Using the real-time target tracking method, the motion can be compensated for and
the entire target volume is covered as planned.
emphasizes the necessity to employ a more sophisticated prediction filter to compensate for the
system delay times.
This prediction error can be observed in measurements with the stand-alone MLC as well. Fig. 5.22
shows the trajectories of a leaf pair referenced to the input signal of the target detection device.
The target motion was provided to the DTTC by the Calypso emulator software which simulates
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(a) (b)
Figure 5.21: Isodose levels of the step-and-shoot IMRT delivery to the lung phantom as shown
in Fig. 5.19 for position #4 adjacent to the target volume. The dose levels correspond to the ones
illustrated in Fig. 5.16. The adjacent healthy tissue receives without and with the use of the target
tracking technique more dose than planned. (a) Isodose levels of the dose delivery to a moving
target without tumor tracking (dashed lines). Compared to the static dose delivery (solid line), the
delivery failed as expected. (b) With target tracking (dashed line), the dose to the healthy tissue is
at least reduced compared to the delivery without target tracking (solid line). The dose distribution
is only slightly improved because the linear prediction model is not sufficient to compensate for
a cos4(t)-shaped motion pattern and its increased acceleration values. Here, the tracking method
clearly shows an overall improvement of the treatment. However, the large system latency partially
deteriorates the benefits.
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Figure 5.22: Comparison of the adapted leaf trajectories with the simulated motion of the lung
phantom as provided by the Calypso emulator. The radiation field is adapted to the motion of the
center of mass of the target (red, solid line) as indicated by the motion of a sample leaf pair (blue,
leading leaf: dotted, trailing leaf: dashed). However, errors in the prediction of the target motion
using the linear prediction filter decrease the accuracy of the target tracking approach.
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Figure 5.23: Leaf trajectories recorded when the DTTC compensated for target motion during
rotational therapy. The graph shows the gantry angle (in degree) and the positions (in mm) of the
target and of an adapted leaf pair versus the time (in s) during rotational delivery. The gantry
angle (green, dash-dotted line) determines the beam’s-eye-view as illustrated in Fig. 5.24. At 0 ◦,
the x-motion of the center of mass of the target volume (red, solid line) is in synchrony with the
leaf pairs (blue, leading leaf: dotted, trailing leaf: dashed). If the gantry rotates to ± 180 ◦, the
motion of the target is mirrored in the beam’s-eye-view. Therefore the leaves move in the opposite
direction compared to the target. At ± 90 ◦, the motion of the phantom, which was restricted to the
x-direction, had no impact on the delivery since the movement was parallel to the beam direction
and no lateral component occured.
the real-time data stream based on predefined target information. For this purpose, first the
motion of the tumor insert in the lung phantom had to be monitored using the Calypso 4D
Localization System. The target information streamed to the DTTC and the actual adapted MLC
leaf positions were recorded. As shown in Fig. 5.22, the prediction of the target positions fails
partially leading sometimes to an inaccurate dose delivery although the target tracking technique
is employed. To further enhance the target tracking accuracy, the quality of the prediction has
to be improved.
5.4 Proof of Concept for Tracking During Rotational Therapy
The complete experimental validation of the target tracking algorithms for rotational therapy
was not possible during the course of the project because the link from the linac to the DTTC
reporting the gantry angle at a sufficient update rate could not yet be established. Therefore,
only preliminary measurements using simulations for the gantry rotation were performed with
the stand-alone MLC. In this way, the feasibility of target tracking during rotational therapy was
assessed. The gantry angle information was simulated and imported into the DTTC. The leaf
positions were adapted according to the virtual gantry angle and the actual motion of the phantom
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Figure 5.24: Impact of the gantry angle and the resulting beam’s-eye-view for tumor tracking of
3-dimensional motion during rotational therapy. The target and its motion directions (red) led to
different reactions of the MLC aperture. While for example at 0 ◦ a motion to the right along the
x-direction resulted in a shift of the MLC aperture from side X1 to X2. At 180 ◦, the same motion
induced respectively a shift from side X1 to X2.
representing the tumor movements. The positions of the leaves were monitored with respect to
time and gantry angle. Based on rectangular dose distributions, the correct implementation of
the different tracking aspects was investigated.
In order to compensate for motion along the rotation axis (y-axis), the aperture was continuously
shifted according to the target displacement independent of the gantry angle. If the target motion
was restricted to the x-direction, the angle of the incident treatment beam determines, as expected,
the amplitude of the motion projected to the beam’s-eye-view. Fig. 5.23 shows leaf trajectories
of the MLC aperture which was adapted to x-motion of the target during rotational therapy.
For 0◦, the MLC aperture moves in synchrony with the target to compensate for its motion. At
± 180◦, the beam is oriented in the opposite direction and therefore the motion is mirrored in the
beam’s-eye-view. During the rotation, the amplitude of the motion is scaled according to cos(γ)
where γ is the gantry angle. As expected, the x-motion does not have any impact on the MLC
aperture at ± 90◦.
In order to visualize this behavior, Fig. 5.24 illustrates the setup for different gantry positions of
0◦, 90◦, 180◦, and 270◦. The different gantry angles result in different perspectives. According to
the beam’s-eye-views, only certain components of the target motion require the adaptation of the
leaf positions. At 0◦ and 180◦, the z-component of the target motion has no impact. On the other
hand, at 90◦ and 270◦, the x-component does not lead to a modification of the MLC aperture,
respectively. In addition, motion parallel to the x-direction leads to a shift of the aperture from
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side X1 to X2 at 0◦, while the same motion induces a shift from the side X2 to X1 for a gantry
angle of 180◦. For 90◦ and 270◦, this effect is observed accordingly for motion along the z-direction.
Further experimental investigations of target tracking during rotational therapy can be performed
as soon as the interface between the ARTISTE linac and the DTTC is established. However, this
is beyond the scope of this work.
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Chapter 6
Discussion and Comparison of the
Tracking Approach
The simulations and experiments performed allow a detailed investigation of the performance
characteristics of the new real-time target tracking algorithms developed in this thesis. In the
following chapter, experimental results indicating the advantages of the new method and the
problems encountered for the algorithms will be discussed. Finally, the newly developed methods,
which allow the compensation for target motion in real-time, are compared to other approaches
for target tracking proposed in the literature.
6.1 Real-Time Synchronized IMRT Delivery
The simulations indicated that target tracking is a precise delivery method for IMRT which
is capable of delivering an arbitrarily modulated fluence distribution to a moving target while
compensating in real-time for dose errors induced by organ motion and deformation. In addition,
the tongue-and-groove effect is completely eliminated. However, the implementation into the real-
time tracking environment showed that the long delay times and the required motion predictions
significantly reduced the precision. The optimization of the leaf velocities turned out to be
especially problematic for the employed intensity maps based on discrete fluence steps. As a
result, the gradient of the dose profiles needed for the calculation of the optimized leaf velocities
was either zero or infinite. Due to inevitable prediction inaccuracies and errors, the leading leaf
might cross a steep dose gradient requiring the trailing leaf to move faster than physically possible
to cover the position again.
To achieve a higher accuracy and to minimize such effects, a more sophisticated prediction model
seems to be essential. The development of such a filter was beyond the scope of this work.
Additionally, an improved feed-back loop algorithm should be developed which both corrects the
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position of the leading leaf and takes into account the intensity that was already delivered when
the next leaf position is calculated.
Although the developed algorithm allows for real-time compensation of target motion and defor-
mation and the elimination of the tongue-and-groove effect, some disadvantages reduce the value
of its everyday use. The tongue-and-groove effect is removed at the cost of a significant prolonga-
tion of the treatment time. The conformity of the delivered dose distribution is much improved,
but the simulated example presented in chapter 5.2 indicated a by almost 30% extended delivery
time. This example was based on only four leaf pairs. The more complex the modulation of the
fluence map is, the larger is the percentage increase of the delivery time. Another disadvantage of
the algorithm is its restriction to 1-dimensional motion. Transversal motion and hysteresis effects
cannot be taken into account. In general, one could say that each leaf would deliver the profile
along the target which correlates with its lateral position. However, since the leaf trajectories
are optimized with respect to a position on the target, a transversal shift may require a leaf to
instantaneously move to another position too far to reach within one control step. In addition,
the question arises what should happen if a lateral shift occurs which corresponds to approxi-
mately the half of a leaf width. It is not trivial to automatically decide which intensity profile
should be delivered in such a case. An analytical solution solving this problem was not found.
Approximations and major trade-offs need to be introduced.
In order to solve the problem of 2-dimensional motion for open irregular fields, a different algorithm
has been developed instead. It is based on the compensation for target motion with a predefined
field shape which is adapted in real-time. The results for this second algorithm are discussed in
the following section.
6.2 Tracking of 2-dimensional motion
The second approach investigated is based on the delivery of single field shapes. It is therefore
applicable for conformal radiation therapy as well as for step-and-shoot IMRT. The results pre-
sented indicate a very promising solution for the problem of intrafractional, 2-dimensional target
motion and deformation. Assuming that all necessary target information is provided in real-time,
arbitrary motion and deformation is automatically compensated for. The technique is mainly lim-
ited by the accuracy of the prediction filter and the finite lateral resolution of the leaves defined
by their width. Based on the results presented in chapter 5.3, the following paragraphs discuss
several aspects of the tracking approach.
Target Coverage Achieved with Different Tracking Modes
The detailed investigation of the field definition for motion compensation resulted in three different
tracking modes: interior, exterior and variable tracking. Using a 50× 50mm2 aperture moving
with sinusoidal trajectories (amplitude: x: 20mm, y: 10mm), the variable tracking method showed
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the best overall agreement. The quality indicator of the gamma index increases from 44.1%
(without tracking) to 68.6%, 80.3%, and 85.7% for the interior, the exterior and the variable
tracking modes, respectively. However, for certain treatment sites it may be more important to
achieve a complete coverage of the target by using the exterior mode or, conversely, to protect as
much of the surrounding tissue as possible which is achievable with the interior mode. As soon
as the transversal dimension comes into play, the variable mode shows a significant advantage.
Since the leaves at the field sides are placed according to a position which uses the weighed sum
of the adjacent field extents, the leaves do not have to open or close instantaneously, but are
smoothly moved using a trade-off between the different defining positions. This advantage is
obviously deteriorated if the transversal motion is too large and if more than one leaf width has
to be covered during one control cycle. If 2-dimensional motion has to be compensated for, the
spatial resolution of the leaves also comes into play. With the variable tracking mode, the region
affected by the trade-off is broadened while for interior tracking the target coverage at the sides
decreases remarkably. For the exterior mode, the irradiation of the surrounding tissue increases.
Dependence on the Leaf Width
The effect of the spatial resolution of the deliverable fluence and the different tracking modes were
investigated in detail by restricting the target motion to the x- or the y-direction and comparing
it to the 2-dimensional motion. First, investigations were performed with the square field. The
gamma index (2%/ 2mm) for the tracking of 2-dimensional motion (93.9%) was mainly affected
by the finite leaf width and the lateral component of the organ motion. If the motion was limited to
the y-direction, the index was approximately the same (93.4%) while it increased for the tracking
of 1-dimensional motion parallel to the leaves to 95.8%. In the case of the step-and-shoot IMRT,
the gamma index decreased from approximately 95% (only x-motion) to approximately 86% if
the motion was restricted to the y-direction. If both directions had to be compensated for, it
decreased further to 76.8%. Compared to the 18.7% congruence without tracking, this is still a
tremendous improvement. If the gamma criterion is set to 3%/ 3mm, the index increases even for
all three phantom motion possibilities to 98.2%, 95.3% and 90%, respectively. Furthermore, the
extracted dose profiles indicate that the gamma index evaluation misses some aspects since the
positions are only sorted into failed and passed. The observed dose profiles in x- and y-direction for
all three cases show a good agreement if the new target tracking algorithm is employed. Positions,
where the criterion failed, mostly differ only in a small percentage exceeding the gamma criterion.
In contrast, the profiles delivered without the adaptation to intrafractional motion show a severe
deviation from the original. The planned intensity-modulation is not only reduced, but often
entirely deteriorated.
Automatic Sparing of an OAR
Another advantage is the opportunity to automatically protect an adjacent organ-at-risk from
dose with the help of the target tracking algorithm. If the relevant information is available in
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real-time, even a non-static organ-at-risk could be accounted for. However, this inevitably reduces
the dose in potential overlap regions and thus decreases the homogeneity of the dose delivered
to the target. A possible solution for this problem would include a safety margin around the
OAR similar to the PRV. Within this region, the coverage of the target is weighed against the
protection of the OAR. In addition, the necessary complete sparing of an inner outline of the
OAR could be enforced.
Impact of Target Velocity and System Delay on the Tracking Quality
The experiments indicated clearly the importance of a precise prediction algorithm in order to
compensate for the system delay. It has to be taken into account properly for the prediction of
the future target position. The current setup employed only a linear prediction filter, but still a
good target coverage was achieved for most cases. With a square field, different phantom motion
pattern and velocities were investigated proving the principal feasibility of the target tracking
approach. However, the results indicate that for fast movements the accuracy of the delivery
decreases, as expected, due to a reduced prediction accuracy. This can be clearly seen for the
square field example. If, for the example given in section 5.3.2.1, the amplitude and the period
of the motion are both reduced by a factor of 2, the resulting maximum velocity of the target
remains the same, but its maximum acceleration doubles. The gamma index decreases accordingly
from 93.9% to 85.7%. A similar effect is observed, if the velocity is doubled while it is restricted
to the x-direction (the leaf width has no impact). A reduction of the period of the breathing
motion from 8 s to 4 s worsens the gamma index from 95.8% to 87%. Therefore, in order to
reduce the dependency on the prediction accuracy and to improve the system’s performance, the
delay within the MLC control system has to be reduced further and, additionally, an improved
prediction filter has to be employed. This can be observed for the square field moved with different
velocities decreasing the precision of the profiles parallel to the leaves. A similar effect is observed
during the delivery of the lung treatment. The position monitored adjacent to the target receives
more dose than planned. Although it is not as bad as without tracking, most positions exceed
the gamma index criterion. Here, the linear prediction filter is not appropriate to cover a fast
cos4-shaped motion pattern.
The experiments showed that the target motion can, in principle, be compensated for in real-
time with the newly developed target tracking algorithms. However, the accuracy is significantly
decreased by the system delay time and needs to be improved by an elaborate prediction filter.
Evaluation with Clinical Treatment Plans
In order to assess the improvements achievable with the target tracking algorithm for a clinical
case, an IMRT treatment fraction for a lung tumor was performed. The plan was generated
conventionally using a static planning CT. The dose was measured and compared for three lung
phantom settings: the delivery to the static phantom as a reference, the conventional delivery
(without target tracking) to the moving phantom in order to describe the worst case scenario, and
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the use of the tracking algorithms to compensate for the motion of the lung phantom. The results
with tracking showed a good agreement of the dose distribution with the reference distribution
measured for a static target. In particular, the dose distributions at the position where the
target would move out of the focus during the conventional treatment improved significantly:
the gamma index increased from below 1% to approximately 94%. On the other side of the
tumor, where the tissue is shifted into the focus of the beam due to the motion of the lung, the
gamma index indicated more or less a complete failure for the delivery with and without tracking
(gamma index: 2.8% and 4.6%). However, the comparison of the isodose levels indicated that
with tracking the amount of dose to the healthy tissue could be reduced though not eliminated.
This is especially due to the high acceleration of the target. As expected, the linear filter is not
capable to compensate properly for the cos4 motion of the lung phantom. This shows again the
necessity to include an advanced prediction filter.
6.3 Comparison to other Target Tracking Approaches
This section gives a detailed description of different approaches to compensate for intrafractional
target motion. This makes it possible to compare the technique proposed in this work with
different methods proposed in the literature. These approaches differ mainly in terms of hardware
requirements for the delivery, compatibility with real-time information and the accuracy and
quality of the adapted delivery. The following paragraphs describe techniques which are based on
the dose delivery with special treatment devices. The last section introduces numerous methods
for target tracking with a dynamic MLC and compares them to the algorithms presented in this
thesis.
6.3.1 Robotic Target Tracking
Besides the real-time tracking of target motion with a dynamic MLC, alternative technologies
initiated different approaches. The following paragraphs present three more techniques for target
tracking of intrafractional target motion.
6.3.1.1 CyberKnife
The CyberKnife
R©
system (Accuray Inc., Sunnyvale, CA) is a miniature linac mounted on a
robotic arm allowing arbitrary beam directions for irradiation. In combination with a target
detection device, it is possible to compensate for target motion by moving the entire robotic arm
accordingly (Schweikard et al., 2000, 2004). The target information is acquired based on external
markers which are assumed to correlate with the internal motion. Based on two x-ray images
acquired in intervals of one to two minutes, the internal markers are automatically tracked and
the correlation between the external and the internal motion is confirmed. The target motion and
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its compensation have been integrated in addition into the treatment planning phase (Schlaefer
et al., 2005).
6.3.1.2 TomoTherapy
The TomoTherapy
R©
system (TomoTherapy Inc., Madison, WI) uses a helical dose delivery tech-
nique with a rotating fan beam. The beam is modulated with a binary collimator while it is
rotated around the treatment couch. The table is moved at a constant speed through the device.
To compensate for target motion, Lu (2008a,b) presented an approach which included the con-
stant movement of the treatment couch. For each control step, the actual target slice, which is
shifted into the focus of the fan beam, is determined. The shift is the sum of the table movement
and of potential shifts induced by target motion. For this position, the corresponding binary
fluence profile is chosen from the stack of planned fluence profiles. In this way, the planned dose
is delivered to a position in one or more intervals. If the complete dose has already been delivered
to a position, no fluence is applied to the patient during the next interval.
6.3.1.3 HexaPOD
Another technique to compensate for target motion is the use of a robotic table. By shifting and
rotating the entire patient couch including the patient and his tumor, the movement of the target
is neutralized in the beam’s-eye-view (D’Souza et al., 2005). The advantage of the system is that
the finite resolution of the leaves does not matter, unlike in tumor tracking with a dynamic MLC,
since the table can be moved in either direction by any distance. The major disadvantage is the
large mass of the system reducing significantly its acceleration and deceleration capabilities. In
their feasibility study, D’Souza and McAvoy (2006) employed the HexaPOD TM (Medical Intelli-
gence, Elekta Group, Germany) for a robotic couch which was investigated in combination with
different prediction filters (Qiu et al., 2007). Studies showed that fast movements as in the case of
respiratory motion are not completely removable but can only be reduced by 13 to 50%, e.g. from
approximately 9.5mm to 8.3mm or from 4.4mm to 2.2mm, respectively (Wilbert et al., 2008).
6.3.2 Target Tracking with the MLC
Several approaches have been proposed to compensate for intrafractional target motion with a
dynamic MLC. For most of the cases, these approaches are optimized for a priori known target
data. Since model assumptions may fail to predict the patient’s anatomy on a time scale of
several minutes, the motion will therefore deviate from the prediction during the dose delivery.
Consequently, real-time adaptation of the MLC aperture, as proposed and described in this thesis,
is required.
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Arbitrary 1D Motion Based on a priori target data, an optimization algorithm for leaf se-
quencing was proposed by Papiez (2003) and extended (Papiez and Rangaraj, 2005; Papiez et al.,
2005) which can handle arbitrary tumor motion and deformation along the leaf travel direction.
The leaf velocities were maximized in order to minimize the overall delivery time. This approach
was extended by Rangaraj and Papiez (2005) who introduced a synchronization of the delivery
with the help of the mid-time trajectory in order to avoid the tongue-and-groove effect. These
approaches are all based on the availability of a priori target information. A possible extension of
these a priori methods algorithm for the compensation of 2-dimensional motion was proposed by
Rangaraj et al. (2008). The leaf positions are simply determined according to the intensity profile
which corresponds to its actual projection. This allows to partially compensate for transversal
motion.
In contrast to these approaches, the method developed in this thesis incorporates real-time target
data (see chapter 4.1). This is essential for the compensation of target motion during the dose
delivery since the patient’s movements are not defined a priori and are not predictable on a time
scale of several minutes.
Accounting for 2D Motion McQuaid and Webb (2006) developed an algorithm to explicitly
track tumor motion in two dimensions. In order to optimize its performance, the sequencer
modifies iteratively the precalculated positions in such a way that the difference of the leaf tips of
adjacent leaves is minimized. This minimizes the distance to be covered if a transversal shift leads
to a switch of the intensity profile to be delivered by a leaf pair. The time-consuming iteration is
needed since a modification of the leading leaf positions (in order to reduce the distance between
adjacent leaves) automatically affects the position and the trajectories of the trailing leaves. A
change of the leading leaves may hence cause a potential decrease of the homogeneity of the
trailing leaf front. Vice versa, the modification and optimization of the trailing leaves has an
effect on the leading leaf positions. By iteratively modifying the two leaf fronts alternatively, a
pareto-optimal solution is calculated. However, this method needs an additional modification in
order to enable the adaptation to real-time tumor information in combination with the iterative
solution.
Tracking of Differential Motion Since the human body is not a rigid system, motion and
deformation can lead to a differential motion of the tumor tissue. The tracking of differential
tissue motion with the aid of a dynamic MLC was investigated in detail by Webb and Binnie
(2006). They introduced a minimization-of-errors solution to take differences in phase, ampli-
tude and offset of the motion into account. Analytical calculations returned for the solution of
the problem the mean values of the parameters. Therefore, it possible to assume for tracking
purposes that the moving target is a rigid body although this is, strictly speaking, not the case.
An extension to track 2D differential motion combined with the ‘breathing leaf’ technique was
proposed by McClelland and Webb (2007). In addition, differential tissue motion and the motion
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of the anatomical structure leads to density changes in the patient and the target, but these are
considered to be of less importance than changes resulting from target motion (Webb, 2006a).
Adaptation to Real-time Information To integrate real-time target information, Papiez
et al. (2005) proposed a safety margin for the leaf velocity. The admissible leaf speed was restricted
during the optimization of the delivery to a fraction of the actual maximum physical leaf speed.
In order to compensate for unexpected movements, the leaf speed of the trailing leaf could exceed
the restricted velocity and use the safety margin accordingly. This concept was employed for
the adaptation of the mid-time trajectory concept to real-time data. As mentioned above, this
approach has been explained in detail in section 4.1 and was published earlier (Tacke et al., 2007).
Another way to adapt the delivery to real-time target information is to employ a preprogrammed
DMLC motion pattern (Yi et al., 2008) which assumes and compensates for an average target
motion. During delivery, an adaptive dose-rate regulation allows to correlate the phase-dependent
leaf motion with the deviating target motion. Phantom studies showed an improvement of the
gamma index (3%/ 2mm) from 87% to 97%. This approach is only feasible if the target motion,
especially its amplitude and direction, is following a strictly reproducible pattern.
In order to compensate in real-time for intrafractional motion, another approach calculates on-the-
fly the already delivered intensity fragment for each leaf profile. The adaptation of the position of
the trailing leaf can then assure that the required intensity is delivered (McMahon et al., 2007).
This technique can also be used in a dynamic delivery compensating 2-dimensional motion as well
(McMahon et al., 2008). However, a potential overdose cannot be compensated anymore by a
correction of the trailing leaf.
Real-time Tracking with a Conformal Field In order to compensate target motion and
deformation provided in real-time, a straight-forward solution utilizes the planned conformal field
and shifts it analogously to the target movement by moving the MLC aperture accordingly. This
approach is feasible if, as required by all real-time motion compensation algorithms, a prediction
filter is implemented to estimate the next target position in order to properly take into account
the delay of the control system. The geometric accuracy of the dynamic MLC tracking technique
using a Millenium 120-leaf MLC (Varian, Palo Alto, CA) was analyzed by Keall et al. (2006). The
employed system used only a feed-back loop to adapt the leaf positions to the actual target data.
The leaf and the target information were compared retrospectively. To evaluate the accuracy, the
estimated delay of the system (160ms) was subtracted from the time stamp of the leaves. For
a sinusoidal motion (amplitude 20mm, period 6 s), a geometric tracking error of 0.04± 0.41mm
was measured. However, this indicates only the precision of the leaf positioning. It does not take
into account real-time target data and the required prediction. Investigations with simulations
determined the quantitative effect of the achieved correction by simulating numerous prostate
translation cases (Keall et al., 2007). Besides the adaptation of the aperture, the monitor units
to be delivered were adapted as well. If motion transversal to the beam direction occurred, off-
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axis factors were applied. Motion parallel to the beam resulted in an inverse square correction,
respectively.
To calculate the leaf positions, a method was recently presented by Sawant et al. (2008). The
algorithm uses the average position of small virtual subleaves approximating the target outline
allowing a more precise fluence resolution due to the finer virtual leaf width. The actual leaf
position was then calculated as the average of the virtual subleaves.
This approach resembles the method presented and assessed in this work. However, our newly
developed tracking algorithm optimizes the leaf positions with different tracking modes in order
to compensate for 2-dimensional motion. This analytical solution allows us to spare more of the
surrounding tissue (interior mode), to increase the coverage of the target volume (exterior mode)
or to achieve a compromise between the two effects. In addition, the automatic protection of an
adjacent OAR can be achieved with our model.
Real-time Tracking with Modulated Fields The idea of shifting the conformal fields can
be expanded to modulated fields. For step-and-shoot IMRT, the target tracking can be performed
for each subfield. Similarily, a dynamic delivery based on the continuous irradiation of subsequent
apertures can be modified in order to compensate the expected target motion. If for example two
different field shapes define the delivery and the leaf positions are linearly interpolated in between,
the original field shapes are modified, similar to the 2D solution, and the interpolation to generate
the dynamic leaf positions is performed with the adapted field shapes. This approach is feasible to
track 2-dimensional motion for modulated fields as well as 3-dimensional motion during rotational
therapy. Therefore, the algorithm developed for this work was extended accordingly as proposed
in chapter 4.3. Again, the leaf positions are analytically calculated using the interior, the exterior,
or the variable mode. The extension to 3-dimensional motion was proposed by Sawant et al. (2008)
as well. In order to compensate 3D motion in combination with RapidArcTM (Varian Medical
Systems, Palo Alto, CA) the leaf positions are adapted using again the subleaf approach for the
calculation of the positions. A clinical evaluation performed with a phantom indicated a gamma
index improvement of 87% to 97% (Zimmerman et al., 2008).
A comparable algorithm for target tracking during rotational therapy was developed and presented
in this thesis. It could not yet be experimentally assessed with radiological experiments since the
interface to the linac providing the gantry angle information was not yet implemented. However,
in order to validate the algorithms, experiments were performed by simulating the gantry rotation
signal for a stand-alone MLC combined with the actual real-time target information of the 2D
phantom. The final radiological evaluation for rotational therapy in combination with target
tracking is planned for the near future.
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Conclusions
Modern techniques in radiation therapy aim at improving the homogeneous dose coverage of the
target volume while at the same time sparing the surrounding healthy tissue and organs-at-risk
from dose. For this purpose, IMRT employs sophisticated fluence patterns containing steep dose
gradients. In order to achieve the full benefits of IMRT and to avoid delivery errors, a very
precise and accurate delivery of the fluence to the target is required. Technical improvements
continuously increase the precision of the delivery, but the accuracy is still an open issue. The
reason for this is that during the course of a treatment fraction, the position and shape of the
target volume will differ for many clinical indications from the planned setup. The intrafractional
motion significantly decreases the accuracy of the dose delivery. Image-guided radiation therapy
therefore focusses on the correction of inter- and intrafractional motion by acquiring real-time
information about the target position and shape.
The aim of this work was to design, develop and assess an automatic target tracking algorithm. It
aimed to correct online the dose delivery in order to compensate for target motion and deformation
based on real-time target information. To achieve this goal, a dynamic MLC approach was
chosen which used the real-time adaptation of the MLC aperture to changes of the target volume.
The work included several development steps. First, different algorithms were developed which
optimized the MLC aperture to compensate for target motion in real-time. Based on simulations,
their performance was evaluated. Next, the Dynamic Target Tracking Control was designed and
developed. This system imports real-time target information, calculates optimized leaf positions
based on the new algorithms and directly controls a Siemens 160MLC TM. Finally, the algorithms
and the control system were assessed in a series of experiments.
The different developed algorithms enable the adaptation of the MLC to real-time target informa-
tion. The first algorithm was a modification of existing algorithms in order to incorporate real-time
information. The analytical solution of this algorithm can only compensate for 1-dimensional mo-
tion parallel to the leaves. The second approach is a completely new method which is able to
compensate for 2-dimensional motion. In combination with rotational therapy, the extension to
CHAPTER 7. CONCLUSIONS
3-dimensional motion tracking was implemented. This method allows the automatic sparing of an
adjacent OAR. Simulations of the real-time adaptation of the field shapes indicated the potential
benefits of this technique. For the experimental assessment, the algorithms were implemented in
the DTTC. The modular program directly imports the target data from different real-time target
detection systems, e.g. the Calypso
R©
system, in order to compensate for target motions during
the dose delivery.
For the experiments, a Siemens 160MLC TM was employed which was directly controlled by the
DTTC system. To enable a direct communication, the control of the MLC was modified by
Siemens. A significant problem of the system is its large internal delay time of approximately
400ms. This required the incorporation of a prediction filter in order to take this delay properly
into account. A linear prediction filter was employed for the experiments performed since a
quadratic filter is too sensitive for the long delay.
In order to calculate the leaf positions, different tracking modes are offered. If 2-dimensional
motion occurs, the resolution of the leaves does not coincide anymore with the field borders.
Therefore different tracking modes were included for the calculation of the leaf positions. While
interior field definition spares all surrounding tissue at the cost of an underdosage to the target,
the exterior field definition covers the entire target and leads to a potential overdosage for the
surrounding tissue. With the variable tracking mode, a percentage trade-off between the target
volume and the surrounding tissue is chosen.
The experiments performed with phantoms clearly showed the benefits of the developed track-
ing strategies. Evaluations were performed for a conventional 50× 50mm2 field, a single IMRT
sequence and a complete IMRT treatment using two different phantoms. One phantom allowed
2-dimensional motion while the other was a lung phantom moving in one direction.
The experiments showed significant improvements for the accuracy of the delivered dose if the
motion was compensated for. To quantify the achieved improvements, the gamma index method
was used which indicates the percentage of points matching within the criterion of 2%/ 2mm with
the reference dose distribution. For the IMRT sequence, the gamma index increased from 18.7%
to 76.7% when the new target tracking algorithm was employed. For the relaxed requirement of
3%/3mm, an improvement from 26.6% to 90% was observed. If profiles are extracted from the
delivered dose distributions, it was observed that the intensity-modulation is entirely deteriorated
without employing target motion compensation. Similar results were obtained for the quadratic
field. The gamma index was improved from 44.1% to 85.7% for a sinusoidal motion (amplitude:
20mm, period: 4.5 s). The accuracy of the entire system depended on the phantom’s motion,
speed and acceleration and could be further enhanced if a more sophisticated prediction filter was
implemented. The measurements performed with the lung phantom indicated the similar results.
A cos4(t)-motion (amplitude: 24mm, period: 6 s) was well compensated for except for a position
close to the target edge. Here the prediction filter was not sufficiently sophisticated so that the
MLC aperture was lagging behind the actual motion. In the future, possible reductions in the
98
delay times and the integration of an improved prediction filter may be able to further enhance
the performance.
In summary, it can be stated that the developed tumor tracking technique makes it possible to
compensate for target motion in real-time. The assessed control system imported successfully the
target information and adapted the MLC aperture online. The experiments performed proved
the feasibility and allowed the quantification of the benefits of the new method.
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